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iABSTRACT
Mining and exploration is an important economic sector within British
Columbia and Canada. Biogeochemical mineral exploration is one method
that assists in the discovery of economic mineral deposits. The interpretation
of biogeochemical data, however, is more complex than conventional
exploration samples as it depends on a plant’s interaction with its environment.
To reveal patterns related to molybdenum and gold mineralization,
multivariate statistical analysis was applied to two suites of biogeochemical
samples collected from lodgepole pine outer bark in the southern Nechako
Plateau of British Columbia. These samples were collected as part of the
Geological Survey of Canada’s Nechako National Mapping Project (from
1996-1998) and a British Columbia Geological Survey’s Interior Plateau
Geoscience Project in 1994. One suite of samples contained anomalous
molybdenum concentrations and is located proximal to the Endako
molybdenum mine. The second suite is anomalous for gold and is within the
vicinity of the Blackwater-Davidson gold project. The samples were analysed
by instrumental neutron activation analysis for 28 elements, treated as
compositions using the log-ratio approach and investigated for their element
associations using RQ-mode principal component analysis.
Twenty-four elements were chosen in the molybdenum dataset, based on
Exploratory Data Analysis, for further statistical procedures. Twenty-five
elements were chosen in the gold dataset. Principal Component Analysis
identified a number of distinct element associations. The first principal
component, from both datasets, shows a complex relationship between plant
element uptake and soil composition. Principal component 2 (molybdenum
dataset) revealed that molybdenum-cobalt associations in lodgepole pine outer
bark may be an indicator of molybdenum mineralization for the southern
Nechako Plateau, whereas principal component 2 (gold dataset) revealed the
association between gold and arsenic as an indicator of gold mineralization.
Further studies are suggested with respect to the nature of molybdenum-
cobalt, gold-arsenic, zinc, arsenic-antimony and caesium enrichment within the
study area and using principal component analysis on high dimensional, low
sample size data.
ii
CONTENTS
Abstract i
List of Figures v
List of Tables xii
Acknowledgements xiv
1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Statement of Problem, Research Objectives and Outcomes . . 5
1.3 Significance of Research . . . . . . . . . . . . . . . . . . . . 6
1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 Literature Review 9
2.1 Regional Geologic Setting . . . . . . . . . . . . . . . . . . . 9
2.1.1 Formation of British Columbia . . . . . . . . . . . . . 16
2.2 Quaternary Geology of British Columbia . . . . . . . . . . . . 22
2.3 Vegetation Physiology and Biogeochemistry . . . . . . . . . . 23
2.3.1 Lodgepole Pine and Mineral Exploration . . . . . . . 30
2.3.2 Till Morphology and Geochemistry . . . . . . . . . . 35
2.4 Multivariate Analysis . . . . . . . . . . . . . . . . . . . . . . 37
2.4.1 Compositional Data and Censoring . . . . . . . . . . 41
2.4.2 High Dimensional, Low Sample Size Data . . . . . . 43
2.5 Summary and Conclusions . . . . . . . . . . . . . . . . . . . 46
3 Study Area Description and Methodology 48
3.1 Study Area . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2 Physiographic Setting . . . . . . . . . . . . . . . . . . . . . . 50
3.3 Study Area’s Geologic Setting . . . . . . . . . . . . . . . . . 52
3.4 Endako Mo Deposit . . . . . . . . . . . . . . . . . . . . . . . 54
3.5 Blackwater Au-Ag Deposit . . . . . . . . . . . . . . . . . . . 55
3.6 Quaternary Geology of the Nechako Plateau . . . . . . . . . . 61
3.7 Hydrogeology of the Nechako Plateau . . . . . . . . . . . . . 62
3.8 Data Description . . . . . . . . . . . . . . . . . . . . . . . . 67
3.9 Methodology: Processing Biogeochemical Data . . . . . . . . 68
iii
3.9.1 Analytical Methods . . . . . . . . . . . . . . . . . . . 68
3.9.2 Exploratory Data Analysis . . . . . . . . . . . . . . . 69
Molybdenum Data . . . . . . . . . . . . . . . . . . . 72
Gold Data . . . . . . . . . . . . . . . . . . . . . . . . 72
Principal Component Analysis . . . . . . . . . . . . . 73
High Dimensional, Low Sample Size Data . . . . . . 73
3.10 Quality Assurance-Quality Control Report Summary . . . . . 74
3.10.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . 78
4 Molybdenum Dataset: Statistical Processing and the Interpretation
of Biogeochemical Data 80
4.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.1.1 Exploratory Data Analysis . . . . . . . . . . . . . . . 81
4.1.2 Principal Component Analysis . . . . . . . . . . . . . 91
4.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.3 Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.3.1 PC 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.3.2 PC 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.3.3 PC 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.3.4 PC 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . 131
5 Gold Dataset: Statistical Processing and the Interpretation of
Biogeochemical Data 133
5.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
5.1.1 Exploratory Data Analysis . . . . . . . . . . . . . . . 134
5.1.2 Principal Component Analysis . . . . . . . . . . . . . 141
5.1.3 High Dimensional, Low Sample Size Data Results . . 154
5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
5.3 Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.3.1 PC 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.3.2 PC 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
5.3.3 High Dimensional, Low Sample Size Data Discussion 168
5.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . 170
6 Conclusions and Future Research 172
6.1 Thesis Conclusions . . . . . . . . . . . . . . . . . . . . . . . 172
6.1.1 Statistical Processing and the Interpretation of
Biogeochemical Data . . . . . . . . . . . . . . . . . . 172
6.1.2 High Dimensional, Low Sample Size Data . . . . . . 175
6.2 Study Limitations . . . . . . . . . . . . . . . . . . . . . . . . 176
6.3 Strengths of Study and Contributions to Mineral Exploration . 177
6.4 Future Research . . . . . . . . . . . . . . . . . . . . . . . . . 179
iv
Bibliography 183
Appendix A: Quality Assurance-Quality Control 209
Appendix B: Exploratory Data Analysis 261
vLIST OF FIGURES
1.1 The sampling area is located within the Interior of British
Columbia, Canada near Vanderhoof, BC. . . . . . . . . . . . . 7
2.1 Provincial geologic terranes overlain by Mo and Au dataset
extents, after Struik (2007). . . . . . . . . . . . . . . . . . . . 18
2.2 Eh-pH diagram of dissolved Mo speciation in the system Mo-
H2O-S (Anbar, 2004). . . . . . . . . . . . . . . . . . . . . . . 28
3.1 Regional surveyed geology of the molybdenum subset area
with outer bark sample sample and resource information for
Endako and Nithi Mountain. This area mainly consists of
Tertiary and Jurassic intermediate volcanic rocks, Jurassic
sedimentary rocks and Jurassic intermediate intrusive rocks.
The central and northeastern areas of the survey area is
dominated by the Endako batholith (pink), after Struik (2007). 57
3.2 Regionally-mapped geology of the gold subset area overlain
by outer bark sample and local mineral exploration assessment
report (ARIS) locations. The centre of this area is dominated
by unmapped area (unknown). Other notable features include
the Tertiary CH pluton in the east and the scattered intrusives
(pinks), after Struik (2007). . . . . . . . . . . . . . . . . . . . 59
3.3 Spatial distribution of the Mo subset samples with surficial
geology textures, after Arnold and Ferbey (2016). . . . . . . . 63
3.4 Spatial distribution of the Mo subset samples with surficial
geology types, after Arnold and Ferbey (2016). Diamicton
refers to poorly sorted, unconsolidated sediment of varying
geneses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.5 Spatial distribution of the Au subset samples with surficial
geology textures, after Arnold and Ferbey (2016). . . . . . . . 65
3.6 Spatial distribution of the Au subset samples with surficial
geology types, after Arnold and Ferbey (2016). . . . . . . . . 66
vi
4.1 Normal Quantile-Quantile plots for 24 elements. Inflection
points occur with all elements except Ba, Ca and Zn.
Molybdenum, As and Sb have inflection points (red arrows)
near the 90th percentile indicating possible associations with
mineralization. Theoretical quantiles are based on a normal
distribution and represented by the x-axis, whereas sample
quantiles are the y-axis. Larger scaled graphs are in Appendix
B. All sample quantile values are in ppm except Ca, Fe and K. 84
4.2 Spatial distribution of centered log-ratio (clr) transformed
values for Mo display patterns of enrichment near the Endako
mine site. Jenks (natural breaks) is a classification method that
partitions the data into classes based on natural groupings (low
points of valleys in the data distribution’s histogram). . . . . . 86
4.3 Spatial distribution of clr transformed values for cobalt (Co)
displays smaller values close to the Endako Mine and larger
values towards the northwest and southeast of the study area. . 87
4.4 Spatial distribution of clr transformed values for arsenic (As)
shows that larger concentrations are located north of the Endako
Mine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.5 Spatial distribution of clr transformed values for antimony
(Sb) shows smaller concentrations near the Endako Mine and
larger concentrations are located within the north, west and
east portions of the study area. . . . . . . . . . . . . . . . . . 89
4.6 Spatial distribution of clr transformed values for caesium (Cs)
displays smaller values near the Endako Mine and larger
concentrations towards the south-central portion of the study
area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.7 Scatter plots of clr transformed values for molybdenum (Mo),
cobalt (Co), arsenic (As) and antimony (Sb) show that there is
an inverse correlation between Mo and Co, no correlation
between Mo-As or Mo-Sb, and a positive correlation between
As and Sb at larger concentrations of As and Sb. Positive and
negative correlations of closed (raw), compositional data may
be misleading since these patterns are an artifact of closure and
do not represent the stoichiometric control of element
distributions. . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.8 Scatter plots of clr transformed values for calcium (Ca),
strontium (Sr), barium (Ba), potassium (K) and rubidium (Rb)
show the positive correlations between these elements. . . . . 93
4.9 Scatter plots of clr transformed values for europium (Eu),
chromium and iron (Fe) demonstrates the bimodal population
of Eu and Cr. . . . . . . . . . . . . . . . . . . . . . . . . . . 94
vii
4.10 Europium clr values for the 1997 and 1998 datasets with
accompanying histograms and regionally mappped geology,
after Struik (2007). For geological legend see Figure 3.1. . . . 95
4.11 Chromium clr values for the 1997 and 1998 datasets with
accompanying histograms and regionally mappped geology,
after Struik (2007). For geological legend see Figure 3.1. . . . 96
4.12 Ordered components of the 24 chosen elements showing
eigenvalues along the left y-axis and cumulative percent of
variance along the right y-axis. The dashed line is the
cumulative percent, whereas the solid line is the eigenvalues.
Inflections at the second and fifth PC indicate that the first two
to four PCs explain the majority of the variance. . . . . . . . . 98
4.13 Loadings of the first PC showing element associations. PC 1
accounts for 59% of the total variability. . . . . . . . . . . . . 99
4.14 Loadings of the second PC showing element associations. PC
2 has a significant loading for Mo and accounts for 7% of the
total variability. . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.15 Loadings for the third PC showing element associations. PC 3
has significant loadings for As and Sb. This PC accounts for
6% of the total variability. . . . . . . . . . . . . . . . . . . . . 101
4.16 Loadings for the fourth PC showing element associations. PC
4 has a significant loading for Cs. This PC accounts for 5% of
the total variability. . . . . . . . . . . . . . . . . . . . . . . . 102
4.17 Biplot of first two PCs showing element associations and a
total variance of 66.5%. Molybdenum and Co have an inverse
association. The variable loadings (red lines, loadings are
scaled by the standard deviation of the PCs multiplied by the
square root of the number of samples) in association with the
scores (circles) for pairs of PCs represented by the x and y
axes. The black circles within the plot represent individual
samples, whereas the red letters represent the elements. . . . . 103
4.18 Biplot of first and third PCs showing element associations.
Antimony and As have an positive association. . . . . . . . . 104
4.19 Biplot of first and fourth PCs showing element associations.
Caesium has the largest loading for this component. . . . . . . 105
4.20 Spatial distribution of the PC 1 scores underlain by regionally
mapped geology. PC 1 represents the relative enrichment of Ce,
La, Sm, Fe, Sc, Lu, Na, Yb, Hf, Th, Eu and Cr in the centre of
the survey area. The geology legend can be found in Figure 3.1. 108
4.21 Spatial distribution of the PC 2 scores showing the relative
enrichment of Mo. . . . . . . . . . . . . . . . . . . . . . . . 109
4.22 Spatial distribution of the PC 3 scores showing the relative
enrichment of As and Sb with relevant assessment report
locations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
viii
4.23 Spatial distribution of the PC 4 scores showing the relative
enrichment of Cs and relevant assessment report locations. . . 111
4.24 Linear regression scatter plot of the PC 1 scores with elevation
showing a small R-squared value and lack of correlation. . . . 112
4.25 Linear regression scatter plot of the PC 2 scores with elevation
a small R-squared value and the lack of correlation. . . . . . . 113
4.26 Linear regression scatter plot of the PC 3 scores with elevation
a small R-squared value and the lack of correlation. . . . . . . 113
4.27 Linear regression scatter plot of the PC 4 scores with elevation
a small R-squared value and the lack of correlation. . . . . . . 114
4.28 Linear regression scatter plot of the PC 1 scores with slope
showing a small R-squared value and the lack of correlation. . 114
4.29 Linear regression scatter plot of the PC 1 scores with aspect
showing a small R-squared value and the lack of correlation. . 115
4.30 Linear regression scatter plot of the PC 2 scores with slope
showing a small R-squared value and the lack of correlation. . 115
4.31 Linear regression scatter plot of the PC 2 scores with aspect
showing a small R-squared value and the lack of correlation. . 116
4.32 Linear regression scatter plot of the PC 3 scores with slope
showing a small R-squared value and the lack of correlation. . 116
4.33 Linear regression scatter plot of the PC 3 aspect with slope
showing a small R-squared value and the lack of correlation. . 117
4.34 Linear regression scatter plot of the PC 4 scores with slope
showing a small R-squared value and the lack of correlation. . 117
4.35 Linear regression scatter plot of the PC 1 scores with aspect
showing a small R-squared value and the lack of correlation. . 118
4.36 Molybdenum subset sampling area showing the slope in
relation to elevation. . . . . . . . . . . . . . . . . . . . . . . . 119
4.37 Molybdenum subset sampling area showing the aspect in
relation to elevation. . . . . . . . . . . . . . . . . . . . . . . . 120
5.1 Quantile-Quantile Plots for the final list of elements. All the
elements, except K, Sr and Zn, show pronounced inflection
points in the curves indicating that there are at least two
populations. Gold has a large number of near DL samples,
extreme outliers, and an inflection point (red arrow) near the
90th percentile indicating there is potential for gold
mineralization within this area. Theoretical quantiles based on
a normal distribution are along the x-axis while sample
quantiles are the y-axis. . . . . . . . . . . . . . . . . . . . . . 136
ix
5.2 Centered log-ratio transformed Au shows enrichment of Au in
the southwest of the study area. The overall ice direction
trends to the northeast. ARIS abbreviation is Assessment
Report Index System and indicates the location of BC mineral
claim assessment reports for claims like Jay (ARIS number
33245). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.3 Centered log-ratio transformed As shows enrichment in the
central-west study area. . . . . . . . . . . . . . . . . . . . . . 139
5.4 Centered log-ratio transformed K shows enrichment in the
west, central and eastern parts of study area. . . . . . . . . . . 140
5.5 Scatter plots of clr transformed values for gold (Au), arsenic
(As) and antimony (Sb) show that there is a weak positive
correlation between Au and As. Observed positive and
negative correlations of bivariate scatter plots of closed (raw)
data may be misleading in compositional data since these
patterns are an artifact of closure and do not represent the
stoichiometric control of element distributions. . . . . . . . . 142
5.6 Scatter plots of clr transformed values for calcium (Ca),
strontium (Sr), barium (Ba), potassium (K), rubidium (Rb) and
zinc (Zn) show that there are positive correlations between Ca,
Sr, Ba, K, Rb and Zn. . . . . . . . . . . . . . . . . . . . . . . 143
5.7 Scatter plots of clr transformed values for europium (Eu),
cobalt (Co) and antimony (Sb) demonstrates the lack of a
negative correlation between Eu-Co and Eu-Sb. . . . . . . . . 144
5.8 Ordered components showing eigenvalues along the left y-axis
and cumulative percent of variance along the right y-axis. The
dashed line is the cumulative percent, whereas the solid line is
the eigenvalues. Inflection at the fifth PC indicates that the first
four PCs explain the majority of the variance. . . . . . . . . . 145
5.9 Loadings for PC 1 showing element associations. Principal
Component 1 is 48% of the total variance. . . . . . . . . . . . 146
5.10 Loadings for PC 2 showing element associations. Principal
Component 2 has a significant loading for Au and accounts for
9.3% of the total variance. . . . . . . . . . . . . . . . . . . . 147
5.11 Loadings for PC 3 showing element associations. Principal
Component 3 is 7.7% of the total variance and has significant
loadings for Co, Sb and Eu. Cobalt and Eu, respectively, have
absolute loadings greater than or equal to 0.4 in PC 2 and 1,
indicating over-determination and the instability of this PC. In
addition, there was no correlation between Eu-Co or Eu-Sb in
the paired scatter plots of clr transformed values. PC 3 is
therefore not included in the interpretation. . . . . . . . . . . 148
x5.12 Loadings for PC 4 showing element associations. Principal
Component 4 accounts for 6.3% of the total variation but does
not have significant absolute loadings (> 0.6). . . . . . . . . . 149
5.13 Biplot of first two PCs showing element associations. Gold and
As show a positive association in this component. The black
numbers within the plot represent individual samples in series,
whereas the red letters represent the elements. . . . . . . . . . 150
5.14 Biplot of first and third PCs showing element associations.
Cobalt and Sb are associated with an inverse association with Eu.151
5.15 Spatial distribution of the PC 1 scores underlain by shaded
relief of the terrain. PC 1 represents the relative enrichment of
Sc, La, Sm, Fe, Na, Ce, Lu, Yb, Hf, Cr and Th. . . . . . . . . 152
5.16 Spatial distribution of the PC 2 scores showing the relative
enrichment of Au and As. . . . . . . . . . . . . . . . . . . . . 153
5.17 Linear regression scatter plot of the PC 1 scores with elevation
showing a small R-squared value and lack of correlation. . . . 154
5.18 Linear regression scatter plot of the PC 2 scores with elevation
a small R-squared value and the lack of correlation. . . . . . . 155
5.19 Linear regression scatter plot of the PC 1 scores with slope
showing a small R-squared value and the lack of correlation. . 155
5.20 Linear regression scatter plot of the PC 1 scores with aspect
showing a small R-squared value and the lack of correlation. . 156
5.21 Linear regression scatter plot of the PC 2 scores with slope
showing a small R-squared value and the lack of correlation. . 156
5.22 Linear regression scatter plot of the PC 2 scores with aspect
showing a small R-squared value and the lack of correlation. . 157
5.23 Gold subset sampling area showing the slope in relation to
elevation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
5.24 Gold subset sampling area showing the aspect in relation to
elevation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
5.25 Log-eigenvalue (LEV) plot, where eigenvalues associated with
noisy eigenvectors will decay linearly, shows the first two
components should be retained. . . . . . . . . . . . . . . . . . 159
1 Average element values of samples run in an assumed series.
Based on the assumed series, there are no obvious indicators of
between sample contaminations. Below detection limit values
are replaced by half the detection limit for each element. . . . 226
xi
2 The differences between the duplicate samples are plotted
against the average values of each set of duplicates. The
duplicate samples with failed differences are depicted with red
circles. The majority of the failed duplicates are below the
detection limit and it is not unexpected for these samples to
fail. Based on the number of duplicates, the detection limit and
the closeness to the failure line all analyses are is considered to
be satisfactory. Below detection limit values are replaced by
half the detection limit for each element. . . . . . . . . . . . . 261
3 Element duplicate comparison of samples assayed. Samples
located outside the ±20% error lines are considered to be
failed duplicates. The R2, linear coefficient, value above 0.8 is
considered to be acceptable variation. Below detection limit
values are replaced by half the detection limit for each element. 295
4 The SRM performance is evaluated by plotting the SRM values
against the average values of each element with respect to each
year the samples were collected. The SRM samples with failed
performances, i.e., ±3 sigma of the mean are depicted with red
circles. Below detection limit values are replaced by half the
detection limit for each element. . . . . . . . . . . . . . . . . 331
5 The spatial locations of the 1996, 1997 and 1998 datasets in
relation to underlying geology, after Struik (2007). For
geological legend see Figure 3.1. . . . . . . . . . . . . . . . . 366
6 Quantile plots of Br (1996 v. 1998) showing the associated
linear regression equation. . . . . . . . . . . . . . . . . . . . 367
xii
LIST OF TABLES
3.1 Generalized expected geochemical signatures of the Nechako
Plateau geology, after Kirkwood et al. (2016). REE are Rare
Earth Elements: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu± Sc±Y. The abbreviation Assoc. is Association. 54
4.1 Summary concentrations of the raw ilr-EM imputed values for
24 elements. Unit refers to a unit of solute per unit of solution
(or concentration) where ppm is parts per million and pct is
percent (pct values were calculated back to pct, from ppm, after
imputation). The abbreviation for Detection Limit is DL. . . . 82
4.2 Median values of the raw ilr-EM imputed values for the 24
chosen elements. Unit refers to a unit of solute per unit of
solution (or concentration) where ppm is parts per million and
pct is percent. Half the detection limit was used to calculate
median values of the raw data. . . . . . . . . . . . . . . . . . 97
4.3 Summary interpretation of Mo data for PC 1 with respect to
association and inverse associations, elements, relative
composition, associated elements, pH and uptake mechanism. 126
5.1 Summary data of the raw values for 25 elements. All of the
chosen elements have outliers and/or anomalous values except
K and Zn. Unit refers to a unit of solute per unit of solution (or
concentration) where ppm is parts per million, ppb is parts per
billion and pct is percent. DL is the abbreviation for Detection
Limit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.2 PCA eigenvalue results using 25 variables revealed a small
number of expected components (six PCs with eigenvalues > 1). 158
5.3 Loadings and sum-of-squares of the loadings for PCA using
25 variables show three variables with small absolute loadings
(< 0.6) across the first five components: Ba, Mo and Rb.
Alternatively, Ba, Co, Eu, Hf and Mo have absolute loadings
greater than or equal to 0.4 in more than one component. The
sum-of-squares are greater than 0.5 and less than 1.0 across
the first five components. . . . . . . . . . . . . . . . . . . . . 161
xiii
5.4 Summary interpretation of Au data for PC 1 with respect to
association and inverse associations, elements, relative
composition, associated elements, pH and uptake mechanism. 167
1 Average INAA element concentrations of ash for the
1994-1996 V6 standard reference material including the
standard deviation (SD) and percent relative standard deviation
(%RSD). Some elements were below the detection limit
(n.d.-not detected). . . . . . . . . . . . . . . . . . . . . . . . 216
2 1996 summary statistics for 229 lodgepole pine bark samples
(below detection limit values are replace by half the detection
limit for each element). . . . . . . . . . . . . . . . . . . . . . 217
3 1997 summary statistics for 267 lodgepole pine bark samples
(below detection limit values are replaced by half the detection
limit for each element). . . . . . . . . . . . . . . . . . . . . . 219
4 1998 summary statistics for 218 lodgepole pine bark samples
(below detection limit values are replaced by half the detection
limit for each element). . . . . . . . . . . . . . . . . . . . . . 220
5 1994 summary statistics for 51 lodgepole pine bark samples
(below detection limit values are replaced by half the detection
limit for each element). . . . . . . . . . . . . . . . . . . . . . 221
6 Median values of the raw, ilr-EM imputed values for 24
elements. Gold was not included as it has greater than 80%
below detection limit values for the 1996 and 1997 datasets.
Cerium, Cr, Eu, Fe, Hf, La, Lu, Mo, Na, Sc, Sm, Th, Yb show
large differences in median values between the 1997 and 1998
datasets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
7 Leveled median values of the raw values for Br (1998). . . . . 365
xiv
ACKNOWLEDGEMENTS
First, I would like to express my gratitude to my advisor Roger Wheate for
accepting my proposal and for his support during my Ph.D. and Mitacs
studies. I am also grateful to Eric Grunsky for his guidance which helped me
throughout my research and the writing of this thesis. I would also like to
thank my thesis committee as a whole: Eric Grunsky, Roger Wheate, John
DeGrace, Brian Menounos, Lito Arocena and Peter Winterburn (external), for
their insightful comments and encouragement, but also for their intuitive
questions that assisted in the development of my thesis.
I would also like to thank Chuck and Chad for introducing me into the ’war
room’ and field work. Without you, I wouldn’t be doing something that I enjoy
and always striving to be better.
Last, but not least, I am very grateful for the patience, understanding and
support throughout my study by my clients and co-workers Bill, Trevor, Daithi,
Clayton and Dan. You helped keep me in the ’black’ and allowed me to practice
what I had learned.
Partial funding for this thesis was provided by Environmental Systems
Research Institute (ESRI) Canada, Mitacs Accelerate Program, Richfield
Ventures Corp., K-T Geoservices Inc. and the International Association for
Mathematical Geosciences (IAMG).
xv
To my family,
For all I have sacrificed, you’ve suffered the most.
11 INTRODUCTION
1.1 Background
Mining and exploration is an important economic sector within British
Columbia (BC) and Canada. Mining, quarrying and oil + gas extraction
accounted for $13.3 billion of BC’s gross domestic product in 2016 (5% of
total BC GDP) while metal and non-metallic minerals contributed $96.9
billion in Canadian exports (11% of total exports) (Industry Canada, 2016).
Exploring the potential of mineral resources within BC is also expensive. In
2015, mineral exploration companies spent a total of $272.4 million on
exploration expenditures (British Columbia Geological Survey, 2015). These
2015 expenditures were small compared with a peak in 2012 of $680 million
(Natural Resources Canada, 2016). It is expensive and rare to find an
economic mineral deposit: the probability that grassroots exploration projects
will achieve mine development stage is one in ten thousand, the average length
of time exploring a property prior to mine development is 20 years (Minerals
& Petroleum Resources Directorate, 2007) and the total mining footprint is
less than one half of one percent (0.005%) of BC’s land base (Ministry of
Energy, Mines, and Natural Gas and Responsible for Housing, 2011). With
high expenses and low success rates, it is important that the data collected by
government regional surveys and exploration companies are valid and
inferences are statistically sound. Multivariate statistical interpretation is not
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common in the early stages of mineral exploration, as evidenced by the
documents contained within BC’s Assessment Report Indexing System
(ARIS), and this suggests there is room for continued research on this topic.
One method occasionally used in the early stages of mineral exploration is
biogeochemical surveys. Biogeochemical mineral exploration examines the
chemical characteristics of vegetation for the purpose of locating economic
mineral deposits. This method of exploration is particularly useful in areas of
transported cover (i.e., the geologic material moved across the Earth’s surface
by water, wind, ice or gravity that may be near to or far from its source)
(Anand, Cornelius, and Phang, 2007). The interpretation of biogeochemical
data, however, can be more complex than conventional rock, soil, till, lake and
stream geochemical samples: plants filter elements based on the plant species,
element species and the surrounding soil conditions (Hulme and Hill, 2003;
Dunn, 2007a). The main differences between conventional geochemical
samples and biogeochemical samples are: sampling size (root absorptive area
versus hand-dug pit), plant barrier mechanisms and the bioavailability of
elements (Dunn and Hastings, 1999). Geochemical samples typically consist
of a fraction of the material collected from a single hand sample, soil horizon
or pit. Biogeochemical samples, however, are based on the composition of all
soil horizons, till, and groundwater absorbed by roots that extend through
several cubic metres of ground surrounding the tree and reaching into local
joints and fractures in bedrock.
The interpretation of biogeochemical data is complex and is influenced by
plant barrier mechanisms (Kovalevskii, 1979; Dunn and Hastings, 1999).
These mechanisms are active at the root-sediment interface of plants as a result
of morphological partitioning of elements and selective absorption. This
interfacing can affect the uptake of elements into plant tissues (Dunn and
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Hastings, 1999). Additionally, some metals are not biologically available to be
taken up by plants or they may be unequally dispersed amongst the plant’s
various tissues (Dunn, 2007a). The final factor when interpreting
biogeochemical samples is that trace enrichments of metals in geochemical
samples, like till, will not necessarily be reflected as weak biogeochemical
anomalies. Biogeochemical samples tend to have smaller concentrations of
elements, when compared to till samples, and their detection may be below the
limit of current analytical methods.
Published records of biogeochemistry in relation to mineralized rock can
be found dating back to the end of the 19th century with the first report of
biogeochemical methodology in 1938 (Dunn, 2007a). A number of
biogeochemical surveys are available in BC’s Assessment Report Indexing
System for mineral exploration conducted on staked mineral claims and
Geoscience BC released a reconnaissance biogeochemical survey using
spruce-tops in 2016 (Jackaman and Sacco, 2016). One of the largest publicly
available databases of biogeochemical samples in British Columbia was
collected during the Geological Survey of Canada’s (GSC) National Mapping
Program’s (NATMAP) Nechako project (Struik, 2007). The focus of this
project was to improve the quality and detail of bedrock and surficial maps
using surficial mapping, geochemistry and biogeochemistry. In addition, the
British Columbia Geological Survey (BCGS) conducted a biogeochemical
survey in 1994 (Dunn and Levson, 2010). Both surveys are regional in scale
and use lodgepole pine (Pinus contorta var. latifolia) outer bark (rhytidome)
as the biogeochemical sample medium. The NATMAP surveys were
conducted from 1996 to 1998. The central Nechako Plateau survey area, is
proximal to the Endako molybdenum (Mo) mine and the Blackwater gold (Au)
project, and is the focus of this thesis (Figure 1.1). These survey projects,
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however, did not interpret their data as compositions (proportions of a constant
sum whose constraints invalidate most standard statistical approaches) and
multivariate analyses were not applied.
Compositional data consist of ratios that are not free to vary independently.
This dependence can result in an incorrect assessment of correlations, or other
measures of associations, commonly used in multivariate statistics (Aitchison,
1982). The treatment of the biogeochemical element data as compositions
using the log-ratio approach, with the subsequent application of multivariate
statistics, is not common within the current biogeochemical literature related
to mineral exploration or heavy-metal pollution. Two examples of
biogeochemical studies include: Baez-Cazull et al. (2008) study on aqueous
biogeochemistry in a contaminated aquifer using z-scores of analysed
elements prior to performing multivariate statistics, Pratas et al. (2005) used
raw element values of plants and soil samples growing on abandoned mines in
their statistical analysis and Bluemel et al. (2013) used Z-score transformation
to level rare earth element data in ferns. Z-score transformation is not one of
the recommended transformations for compositional data and interpretations
of raw element values cannot be justified because raw data only provide
information about the relative magnitude of their components (Aitchison,
2005) as most statistical analyses assume the data is normally distributed. The
substitution or removal of an element from these studies would result in
different interpretations, since the variable are not free to vary independently,
and would not be suitable for a comparison with other research.
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1.2 Statement of Problem, Research Objectives and Outcomes
Currently, there is a lack of available biogeochemical mineral exploration
studies that treat their data for closure and interpret their findings with
multivariate statistics. The overall goal of this thesis is to employ a
multivariate statistical methodology widely used in geochemistry, Principal
Component Analysis (PCA), and apply it to ’opened’ biogeochemical data to
identify element patterns in lodgepole pine outer bark for the purpose of Mo
and Au mineral exploration. These results will assist in the understanding of
the relationships between the biogeochemistry of vegetation and mineral
exploration. The research objectives are:
• Apply PCA for the purpose of identifying biogeochemical characteristics
in lodgepole pine (Pinus contorta var. latifolia) rhytidome.
• Discover the identifiable element signatures within lodgepole pine (Pinus
contorta var. latifolia) rhytidome that are associated with known Mo or
Au occurrences.
The results of this thesis aim at filling the gap between biogeochemical
characteristics and known mineral occurrences to provide work upon which
mineral exploration and environmental studies can build. More specifically,
this thesis:
• Uses PCA to identify biogeochemical characteristics related to
underlying geology, as well as Mo and Au occurrences, for the use in
discovering mineral deposits.
• Interprets PCA results of biogeochemical samples with an
interdisciplinary approach regarding plant physiology and geology.
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• Provides comparisons of the biogeochemical results and interpretations
for the lodgepole pine (Pinus contorta) rhytidome with known mineral
showings and deposits in the southern Nechako Plateau.
• Shows how high dimensional, low sample size data, commonly
produced in the early stages of biogeochemical mineral exploration, may
be interpreted using PCA.
1.3 Significance of Research
The Nechako Plateau NATMAP project area offers a unique opportunity to
augment the connections between lodgepole pine biogeochemistry and
mineral exploration. This research will supplement regional metallic mineral
exploration methodology and provide a biogeochemical interpretation of the
area with respect to lodgepole pine rhytidome (outer bark). The importance of
this research is that it examines biogeochemical data as compositional data
using plant physiology, geology and geochemistry to interpret element patterns
calculated by PCA; a method and interpretation not commonly found in the
literature.
1.4 Thesis Outline
The outline of this thesis includes six chapters and two appendices:
introduction; literature review; area description and methodology; results and
discussion on processing biogeochemical data; results and discussion of PCA
for high dimensional, low sample size datasets; the conclusions and future
research; as well as two appendices. The introduction, Chapter 1, introduces
the purpose of the research and its context. The literature review, Chapter 2,
describes the geological setting, plant physiology with respect to element
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FIGURE 1.1: The sampling area is located within the Interior of British
Columbia, Canada near Vanderhoof, BC.
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uptake, multivariate analyses and the issues with high dimensional, low
sample size datasets. Chapter 3 describes the location and the methodology
used to perform PCA. Chapters 4 and 5 display the results and discusses the
outcome of this study in relation to the local geography, geology and known
Mo and Au occurrences. Chapter 5 also examines data quality and PCA
interpretation of high dimensional, low sample size data. The conclusions and
future research recommendations can be found in the last chapter, Chapter 6.
The first appendix, Appendix A, is a report on the quality of the data used in
the thesis, while the second appendix (Appendix B) displays the graphs related
to exploratory data analysis.
92 LITERATURE REVIEW
As described in Chapter 1, the overall goal of this study is to employ a
multivariate statistical methodology used in geochemistry, Principal
Component Analysis (PCA), and apply it to ’opened’ biogeochemical data for
the identification of element patterns in lodgepole pine outer bark useful for
Mo and Au mineral exploration. This chapter is intended as a review of the
general concepts related to this study: the regional geology of BC, vegetation
physiology and multivariate analysis.
2.1 Regional Geologic Setting
The tectonic evolution of western North America began over 1.8 billion years
ago. This activity has created almost 500 km of inland width to-date and has
formed the majority of present-day Alaska, Yukon and British Columbia
(Nelson and Colpron, 2007). This area is comprised primarily of terranes:
sutured pieces of exotic continental, peri-cratonic and oceanic crust bounded
by faults. Many of these terranes have associated metallic mineral deposits
that reflect these tectonic processes. In British Columbia, the mineral deposits
with economic significance include: porphyry systems, volcanogenic massive
sulfides (VMS), sedimentary exhalative (SEDEX), and gold deposits
(epithermal and orogenic) (Nelson and Colpron, 2007). Other deposits also
found within BC include: Mississippi Valley-type lead-zinc (MVT) and
skarns.
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The following paragraphs are brief descriptions of the BC mineral deposit
profiles compiled by the BC Geological Survey. Mineral deposit profiles are
simplified classification schemes that assist in the development of mineral
exploration strategies, evaluating mineral prospects and performing mineral
resource classifications. The deposit profiles, however, won’t necessarily
reflect natural systems. For example, many large deposits are a result of the
superposition of two or more mineralizing systems or the superposition of
different components of a hydrothermal system as a result of telescoping
(overprinting early, deep mineralization caused by rapid erosion or sector
collapse of volcanic paleosurfaces) (Robert, Pulsen, and Dube, 1997). In
addition, large deposits may also be associated with different geological
environments (e.g., continental arcs superimposed on older accreted arcs
volcanic in origin) making it difficult to determine which of the features
related to mineralization and which are coincidental. In contrast, known
deposit profiles do not describe all styles of mineralization. For example,
diamonds were not expected to be found within the Canada, but in 1991, the
first discovery of diamonds occurred at Point Lake near Lac de Gras in the
Northwest Territories (Boucher and Boyd, 2015).
Porphyry Systems
There are three different classes of porphyry systems that occur within BC:
alkalic – silica undersaturated porphyry (Cu, Au [Ag]), calcalkaline
quartz-bearing porphyry (Cu ± Mo ± Au) and low F-type Mo porphyry
(Panteleyev, 1995b; Panteleyev, 1995a; Blaine and Hart, 2012). These three
classes of porphyries are derived from hydrothermal fluids generated near the
top of a cooling magma body at depths between 1 and 5 km. The Cu ± Mo ±
Au (Ag) bearing fluids move up and outward from the magma body into the
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surrounding rock (Panteleyev, 1995b). Hydrothermal alteration of the host
rock intrusions and wall rocks is spatially, temporally and genetically
associated with the mineralization (Robb, 2005). This fluid creates a fracture
network within the surrounding rock and produces the characteristic
stockwork texture of porphyry deposits. As the hydrothermal fluid moves
further from the magma body, it cools and ore minerals begin to crystallize out
into the fracture network. Regional or district-scale zoning can occur in
porphyry deposits which results in a porphyry core associated with proximal
skarns to distal polymetallic veins as well as replacement deposits (Berger
et al., 2008). Porphyry copper deposits can also be associated with high
sulphidation epithermal deposits, late/distal intermediate-sulphidation
polymetallic base metal and precious element veins as well as distal
disseminated gold deposits. Alkalic porphyries commonly occur in orogenic
belts at convergent plate boundaries where oceanic volcanic island arcs overlie
oceanic crust (Panteleyev, 1995a). These types of porphyries are associated
with alkalic intrusive bodies (gabbro, diorite and monzonite to
nepheline-syenite). The geochemical signature of alkalic porphyries may
contain Ti, V, P, F, Ba, Sr, Rb, Nb, Te, Pb, Zn and platinum group elements
(PGE-Rh, Ir, Os and Ru) with Au, Ag and minor Cu. Cupiferous alkalic
porphyries do not contain economic Mo contents. Calcalkaline porphyries,
however, occur at convergent plate boundaries in association with
subduction-related magmatism and range in composition from calcalkaline
quartz-diorite to granodiorite and quartz-monzonite (Panteleyev, 1995b).
Geochemical zoning in calcalkalic systems typically occur as a barren to
low-grade pyritic core surrounded by a halo of pyrite with peripheral Cu, Pb,
Zn, Au, Mo and Ag-bearing veins. Peripheral enrichment in these deposits
may include Pb, Zn, Mn, V, Sb, As, Se, Te, Co, Ba and Rb. Low F-type
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porphyries occur in relation to arc-continent and continent-continent
subduction zones (Sinclair, 1995). The geochemical signature of low F-type
porphyries typically exhibits anomalous Mo, Cu, W and F in host rocks close
to and overlying mineralization while anomalous Mo, W, F, Cu, Pb, Zn and Ag
occur in peripheral zones up to several kilometers.
Hydrothermal Deposits
Hydrothermal processes are the movement of hot water within the Earth’s
crust as a consequence of thermal activity such as a magmatic intrusion or
tectonic (crustal) movement (Robb, 2005). The sources of this fluid are
commonly from seawater, formation brines (saline to hypersaline waters
liberated during sedimentary rock formation) and from fluid created by the
dehydration of minerals during metamorphism. Typical hydrothermal deposits
are in the form of quartz-carbonate veins or lode gold deposits (e.g. Eskay
Creek silver deposit, BC) (Roth, 2002).
Volcanic Massive Sulphide (VMS) Deposits
Still forming today, volcanic massive sulfide (VMS) deposits form at, or near,
the bottom of an water body through the focused discharge of hot, metal-rich
hydrothermal fluid (Robb, 2005). This fluid commonly travels along faults and
is driven outwards by the heat from an underlying or nearby igneous body.
The hot hydrothermal fluid enters the cold sea water as a plume of ‘black
smoke’ due to the fine sulfide minerals that crystallize out of the solution upon
contact. These minerals gradually build up a sulfide ‘chimney’ around the
hydrothermal plume which eventually collapses to form a mound or lens of
massive sulfides. VMS deposit formation, for example the Windy Craggy
VMS deposit, differs from sedimentary exhalative (SEDEX) deposits in that
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they are formed by hydrothermal circulation and exhalation which are
independent of sedimentary processes (Galley, Hannington, and Jonasson,
2007). In addition, VMS deposits are formed in close temporal association
with submarine volcanism (e.g. Eskay Creek silver deposit, BC) (Roth, 2002).
The geochemical signature of VMS deposits, like the Noranda/Kuroko
massive sulphide deposit at Eskay Creek, includes Zn, Hg and Mg halos with
larger K contents as well as smaller Na and Ca concentrations within the
footwall rocks (Hoy, 1995). Proximal halos of Cu, Ag, As, and Pb
concentrations occur at VMS deposits whereas larger Cu, Zn, Pb, Ba, As, Ag,
Au, Se, Sn, Bi and As contents occur within the deposit.
Sedimentary Exhalative Deposits
Sedimentary exhalative (SEDEX) deposits are formed by the release of
ore-bearing hydrothermal fluids into a water reservoir resulting in the
precipitation of stratiform ore, for example the giant Sullivan SEDEX deposit
in southern BC (Goodfellow and Lydon, 2007). Sedimentary strata contain
metal ions trapped within, and adsorbed to the surfaces of, clays and other
phyllosilicate minerals and are the source of metals for hydrothermal fluids
(Robb, 2005). Sedimentary strata dehydrate in response to the heat and
pressure produced by diagenesis which, in turn, liberates highly saline brines
that carries the metal ions. This metal-rich solution accumulates as sulfide and
sulfate ores interbedded with marine sediments to form sheets or lens-like
tabular ore bodies up to tens of metres thick and over thousands of metres in
length. The geochemical signature of Zn-Pb-Ag SEDEX deposits are typically
zoned with larger Pb contents nearest to the vent, grading outward and upward
into more Zn-rich areas (MacIntyre, 1995). The feeder zone, close to the
exhalative vent, usually contains larger Cu contents whereas distal signatures
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include barite, exhalative chert and hematite chert iron formation. Larger Ba
contents may exist on a basin-wide scale.
Epithermal Deposits
Epithermal gold deposits are created after the formation of its host rock in the
shape of mineral replacements, veins, pore-infills or breccias (Robb, 2005).
These deposits form close to the Earth’s surface at temperatures ranging from
50 to 200◦C (Robb, 2005), for example the Blackdome deposit (Taylor, 2007).
They range from narrow, high-grade vein systems to large, low-grade
disseminated mineralization (Robb, 2005). Their formation is associated with
extensional or transtensional tectonics and include: volcanic island arc,
oceanic arc, continental arc and back arc basins. The geochemical signature of
epithermal deposits is typically dominated by Au, Cu and As (± Ag, Zn and
Pb) with notable concentrations of Ag, Zn, Pb, Sb, Mo, Bi, Sn, Te, W, B and
Hg (Panteleyev, 1996a; Panteleyev, 1996b).
Orogenic Gold Deposits
The classification of orogenic (lode gold or mesothermal quartz-carbonate)
gold deposits is debatable, however, there are many characteristics that are
consistent for mineral deposits associated with aqueo-carbonic metamorphic
fluids (Goldfarb and Groves, 2015). These characteristics include similar
settings, metamorphic timing, alteration assemblages, hydrothermal element
additions and fluid inclusion chemistry. Orogenic gold deposits typically occur
within metamorphosed fore arc and back arc areas of continental margins or
along sheared margins of continental batholiths at depths of 5 to 20 km. The
timing of the metamorphism is usually late to post-peak. There is typically a
broad thermal equilibrium between the alteration assemblages and the country
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rocks. Orogenic gold deposits typically only show zoning within epizonal
areas in the form of Hg- and Sb-rich zones (Hart and Goldfarb, 2005). Lastly,
the hydrothermal addition of elements and the composition of the fluid
inclusions tend to be consistent between deposits. An example of an orogenic
gold deposits is the Bralorne Gold Mine near Lillooet (Britton, 2015).
Mississippi Valley-Type Pb-Zn
Mississippi Valley-Type (MVT) deposits are similar to SEDEX ores (Robb,
2005). Both types of deposits are associated with fluid circulation and ore
deposition within sedimentary basins. The difference between MVT and
SEDEX is that MVT ores are epigenetic (formed later) up to tens of millions
of years after sedimentation. These deposits are low temperature (<150◦C),
stratabound, mainly carbonate-hosted and predominately contain sphalerite
([Zn,Fe]S) and galena (PbS) with associated fluorite (CaF2) and barite
(BaSO4). The geochemical characteristics of MVT deposits includes
significant amounts of Pb and Zn, minor amounts of Cu, Co and Ni, as well as
trace concentrations of Sb, As, Ba, Bi, Cd, Co, Cu, Ga, Ge, Au, In, Fe, Mn,
Hg, Mo, Ni, Ag, Tl and Sn (Leach et al., 2010). The Robb Lake Pb-Zn
Deposit is an example of a MVT deposit and is located northwest of Fort St.
John (Nelson, Zantvoort, and Paradis, 2000).
Skarns
Skarn deposits form during contact or regional metamorphism (Robb, 2005).
These types of deposits are the metasomatic replacement of carbonate rocks by
calc-silicate mineral assemblages. This process typically occurs as a result of
contact metamorphism and metamorphism of a granitic intrusion into carbonate
rocks. Skarn deposits include a diversity of deposit types and geochemical
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associations including W, Sn, Mo, Cu, Fe, Pb-Zn and Au ores with associated
geochemical anomalies of Co, As, Sb, Bi, Mo, W, F, Sn, Cd, Te and Ni (Ray,
1998; Ray, 1995b; Ray, 1995a). Skarn deposits occur within the Hedley Gold
Skarn District in Southern BC (Ray and Dawson, 1994).
2.1.1 Formation of British Columbia
Nelson and Colpron (2007), Geological Survey of Canada (2010) and Clague
(1989) have provided a comprehensive compilation of the geology and
metallogeny of BC and this section on the Formation of British Columbia is a
summary of their work. The formation of British Columbia, a portion of the
western Canadian Cordillera, can be segmented into four events: Proterozoic
basin formation of western Proto-Laurentia within the Columbia
Supercontinent, rifting of the continental margin and the development of its
fringing arcs, the addition of the Insular Terranes and post-amalgamation
events. Basin formations led to the creation of Iron Oxide Copper Gold
(IOCG)-type, Mississippi Valley-Type (MVT), Churchill-type Cu vein
deposits and SEDEX deposits. The development of the fringing arcs brought
multiple deposits in the form of porphyry systems and massive sulfide deposits
as well as created the locale for a redbed deposit. The addition of the Insular
Terranes included the formation of a couple of prominent VMS deposits: the
giant Windy Craggy Besshi-type deposit and the Greens Creek Mine.
Post-amalgamation, 150 mega-annum (Ma) to present day, includes magmatic
as well as mountain-building/extension activity and marks the creation of a
number of porphyry systems, VMS, orogenic vein and epithermal deposits.
Current tectonic activity within BC relates to subduction, hot spot volcanism
and transcurrent, post-subduction fault displacements. The terrane
amalgamations that comprise British Columbia can be grouped into five
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distinct morpho-geological belts (from east to west, Figure 2.1): the Foreland,
Omineca, Intermontane, Coast and Insular Belts. Each tectonic belt has a
unique geological, metamorphic, physiographic, metallogenic and tectonic
history.
Foreland Belt
The Foreland Belt is comprised of weakly metamorphosed sedimentary rocks,
aged between 1.4 Ga (giga-annum) and 33 Ma and borders the undeformed
rocks of the Alberta Plateau. This Belt represents the eastern mountain ranges
and foothills of the Canadian Cordillera as well as the wide plains of
northeastern BC. The mountain range, foothills and plains were created by a
rift sequence followed by a passive margin which was then bowed into a retro
arc fold and thrust belt with synorogenic sedimentation. The material that
comprises this belt was derived from cratonic sources and deposited within an
extensional setting. This belt consists of a northeasterly-trending,
northwesterly-thinning wedge of middle Proterozoic to Late Jurassic
miogeoclinal, platform carbonates and craton-derived clastics as well as Late
Jurassic to Paleogene exogeoclinal cordillera-derived clastics.
Omineca Belt
The Omineca Belt is an uplifted region and consists of highly metamorphosed,
pericratonic terranes interspersed with 2,000 Ma to 180 Ma old North
American fragments. The eastern zone of the belt consists of middle
Proterozoic to middle Paleozoic miogeoclinal rocks. The western portion is
composed of accreted Paleozoic and Early Mesozoic volcanic and sedimentary
rocks. The dominant terranes in this belt include the Slide Mountain, the
Chapter 2. Literature Review 18
FIGURE 2.1: Provincial geologic terranes overlain by Mo and Au dataset
extents, after Struik (2007).
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Yukon-Tanana and the Cassiar. This region is extremely rugged, from low hills
to high mountains.
Intermontane Belt
The Intermontane Belt is an area characterized by plateaus and mountains, is
less rugged compared to the other Belts within BC, and consists primarily of
the Cache Creek Terrane, the Stikinia and the Quesnellia. These three major
terranes are formed of Late Paleozoic to Middle Mesozoic, allochthonous,
marine volcanic and sedimentary rocks and amalgamated by the middle
Jurassic, before colliding with the continental crust to the east. This Belt
exhibits a lower metamorphic grade than the Omineca Belt. Superimposing
these terranes are autochthonous Jurassic and Cretaceous clastic wedges and
Tertiary volcanic and sedimentary rocks. The age ranges of the Intermontane
are from 400 million to as recently as 10 thousand years ago in the form of
volcanic activity.
Coast Belt
The Coast Belt developed during the Phanerozoic and represents the single
largest event of granite and granodiorite creation within BC resulting in the
second largest metamorphic and plutonic welt (a distinctly linear raised
portion of the crust) in the Canadian Cordillera. This Belt also contains
heavily metamorphosed fragments of terranes from the Insular and
Intermontane Belts. The southeast portion of this Belt consists of a small, but
notable series, of both oceanic (Bridge River and Chilliwack) and continental
terranes (Jack Konat Mountain and Ladner). The Coast Belt developed during
the Cretaceous and Early Tertiary and is possibly a result of the collision of
amalgamated terranes of the Intermontane Belt in the east with the large
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composite terranes of the Insular Belt to the west. As a result of this collision,
compressional thickening and tectonic overlap are the potential explanations
for the 5-25 km of uplift and erosion that occurred along the axis of the belt
during the Cenozoic. The Coast Belt is the most tectonically active within
British Columbia and its ages (600 Ma to present) and metamorphic grades
(depending on age and host) vary immensely. This belt consists primarily of
Late Cambrian to Tertiary volcanic and sedimentary rocks as well as
co-magmatic granitics and volcanics.
Insular Belt
Lastly, the Insular Belt is an outboard terrane with little to no connection to
North America before its accretion. The major constituents of this terrane
possibly amalgamated in the middle Jurassic and collided with the
Intermontane Belt during the Cretaceous. Accretionary prisms within the
western margin of the Insular Belt, however, were added to the continent later
and are still accreting today. The two dominant terranes within this Belt are
the Alexander and Wrangellia with smaller notable terranes such as the Leech
River and Crescent Terranes. The Alexander Terrane is a regionally variable
crustal fragment found in north-western BC, southern Yukon and eastern
Alaska. It is comprised of Early Paleozoic continental shelf platform strata
overlain by Late Paleozoic arc sequences that it shares with Wrangellia and
south-eastern Alaska. The Wrangellia, in contrast, is a long-lived,
multi-episodic, Devonian and younger arc terrane. During the Late Triassic,
both the Wrangellia and Alexander experienced non-arc mafic volcanism:
widespread Carnian-age Nikolai-Karmutsen basaltic events within the
Wrangellia and slightly younger, Norian basalts confined to a single rift zone
in the Alexander Terrane that hosts the giant Windy Craggy Besshi-type VMS
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deposit and the Greens Creek VMS mine.
Major Terranes
Over 100 terranes have been identified within Western North America.
Terranes may be fault-displaced parts of an ancient continental margin,
pericratonic segments potentially originating at the edge of the North
American plate or consist of stratigraphical and structural features exotic to the
rocks observed within the continental margin. Some of the major terranes
within British Columbia include: Slide Mountain Ocean, Quesnellia, Cache
Creek, Stikinia, Wrangellia and Alexander. The intermontane superterranes
include the Slide Mountain Ocean (east), Quesnellia arc, Cache Creek Ocean
and Stikinia island arc (west). The Slide Mountain terrane is the remnant of a
marginal sedimentary basin located at the west margin of ancestral North
America during the Early Mississippian to mid-Permian and was one of the
first accreted terranes. The Cache Creek Terrane is an exotic and far-travelled
portion of oceanic crustal rocks bordered by less exotic Quesnellia and
Stikinia arc terranes to the east, north and west. The Stikinia is characterized
by younger and more widely distributed volcanic and sedimentary rocks of the
Late Triassic Stuhini and Lewes River Group. The Quesnellia is a Late
Triassic to Middle Jurassic remnant of island arc systems, whereas the Stikinia
is a Devonian to Middle Jurassic remnant of an island arc system. Based on a
common Paleozoic to early Mesozoic history, these two Terranes are inferred
to have originated as a single continous magmatic arc that lay east of the
Cache Creek Terrane. The migration of the Stikinia is inferred as a result of
strike-slip displacement or oroclinal bending (McMillan, 1994; Johnston and
Borel, 2007). The major terranes of the Insular Belt/Superterrane include the
Alexander and Wrangellia. The Alexander (Precambrian to Early Triassic) and
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Wrangellia (Permian to Early Jurassic) terranes evolved from island arc
complexes that amalgamated during the Middle Jurassic but were not accreted
to North America until the Cretaceous.
2.2 Quaternary Geology of British Columbia
Clague (1989) has provided a Quaternary stratigraphic record of BC and this
section is a summary of his work. British Columbia’s terrestrial Quaternary
stratigraphic record indicates that this region is primarily a product of long
periods of nondeposition and erosion interrupted by brief depositional events
caused by the cyclical growth and decay of continental ice sheets as well as
intense tectonic activity through uplift, subsidence, faulting,
earthquake-induced mass movement and other phenomena. These events have
shaped the present landscape of BC. The majority of Quaternary units within
BC are glacial in origin and are comprised of pro-glacial and ice-contact
fluvial, marine and lacustrine environmentally derived stratified sediments; as
well as subglacial and supraglacial till. The two dominant Quaternary
stratigraphic units within BC formed during periods of growth of the
Cordilleran Ice Sheet: Quadra Sand of southwestern BC; and thick,
horizontally bedded gravel and subordinate sand that underlies late
Wisconsinan till within the valleys of BC’s interior. Most Quaternary
glaciations underwent the following simplified sequence of events: ice
becomes restricted to high mountain areas towards the end of each major
nonglacial period, valley glaciers advance to coalesce as mountain ice sheets,
glaciers spread across plateau areas of the interior and coastal lowlands, ice
buildup causes isostatic depression of the land surface, sharp climatic
ameliorations and rapid glacier melting marks the end of glaciation where the
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Cordilleran Ice Sheet decays by downwasting and frontal retreat, depressed
coastal lowlands are flooded by the sea while low and moderate relief areas in
the interior are stagnated with uplands appearing through ice cover first, active
ice is restricted to major mountain ranges, and rapid isostatic uplift occurs
along the periphery while parts of the Interior Plateau and mountain ranges
experience delayed rebound.
2.3 Vegetation Physiology and Biogeochemistry
Plants require macro- and micro-nutrients for their existence. The uptake of
these nutrients is complex and is governed by: plant type and age, soil acidity
and moisture, organic matter content within surrounding soils, the presence of
other elements, the underlying lithology, root morphology as well as the
presence of fungi and bacteria (Hulme and Hill, 2003).The bioavailability of
these nutrients and non-essential molecules may be restricted by: solubility,
binding properties to soil particles and antagonistic or synergistic molecular
interactions (Dunn, 1992). Some plants will also have barrier and
hyperaccumulation mechanisms for certain compounds or molecules
(Kovalevskii, 1979; Dunn and Hastings, 1999).
The uptake of elements is performed primarily by a plant’s root system and
is summarized from Dunn (2007a) in the following two paragraphs. Plant
element uptake is made possible through the physiological characteristics of
most root tips: a mucilage sheath that is weakly charged and slightly acidic
resulting in the exchange of hydrogen ions for elements such as copper, zinc
and nickel; physically structured for passive element integration using simple
diffusion; or assisted by the presence of bacteria and fungi (e.g., gold).
Incorporated elements are then translocated to various plant structures and
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organs (such as leaves, twigs, fruit, bark and roots) based on the element’s
physiological roles in the plant. The mobility of elements within most plant
systems is governed by mass flow and the plant’s biological requirements. Not
all elements will move through a plant’s systems at the same rate. Some
elements will adsorb to cell walls, be sequestered for storage or are diverted to
actively growing cells. These differences in mobility contribute to seasonal
fluctuations in the concentrations of some elements within the plant’s systems.
Seasonal variations in pH affect the stability of the ligand chelates of
metals and account for fluctuations in metal uptake by the plants. Groundwater
salt concentration also affects which elements are utilized based on active site
competition at the root level. For example, sodium (Na) is readily taken up by
most plants but blocks the subsequent uptake of potassium (K). Redox
potential is another factor that determines the availability of many elements for
plant uptake. Redox potential regulates which elements are available (arsenic
[As] becomes readily available at low redox potentials), plant-root respiration
(reduced at low redox potentials and some elements cannot be actively
transported) and the form of the element in soil solution (affects the
bioavailability of elements). Decaying organic matter also affects the
bioavailability of trace elements by binding them and removing them from the
soil solution. Other factors that influence root development and subsequent
metal uptake include: soil and aspect thermal condition effects on the length of
growing seasons and plant transpiration rates, moisture level influences on
growing season and soil aeration, plant age influences on root lateral to depth
ratios, soil depth and texture as well as pathological and climatic events.
Although there are many factors that interact to govern element uptake in
plants, most plant colonies have developed over a number of years to establish
equilibrium with their environment. This allows for sufficient stabilities in
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plant chemistry for meaningful biogeochemical surveys to be conducted when
the following parameters are accounted for: season, year, plant species, colony
age and tissue type sampled. The effects of slope, aspect and elevation on the
biogeochemistry of a plant species is not well studied in glaciated terrains.
The effect of elevation, slope, aspect and relief is typically studied with
respect to plant community structure and tree species diversity (Griffiths,
Madritch, and Swanson, 2009; Zhang et al., 2016). Research has found that
elevation contributes significantly to pH (Zhang et al., 2016). At higher
elevations pH decreases as organic matter and nitrogen increases due to
decreased decomposition rates. This may also be true on north-facing slopes,
however, temperature and moisture gradients may differ across topographical
features (Griffiths, Madritch, and Swanson, 2009).
Molybdenum
Molybdenum (Mo) is a chemical element, categorized as a transition metal,
with the atomic number of 42. This element is found in various oxidation states
within minerals and does not naturally occur as a free metal on the Earth’s
surface. Molybdenum compounds tend to have low solubility in water, but Mo-
bearing minerals in contact with oxygen and water result in a molybdate ion
which is readily soluble (Kabata-Pendias, 2010).
In most plants, Mo is a micronutrient necessary for the nitrogen-fixing
enzyme nitrogenase, and other enzymes (Stiefel, 2002; Kabata-Pendias, 2010).
Typically, Mo is at low concentrations in soils (1.8 pmm world mean) and has
a highly soluble form, MoO42- [molybdate] anions, which is susceptible to
leaching (Kabata-Pendias, 2010). In acidic soils (pH < 5.5), Mo attaches to
mineral surfaces, such as Fe (iron) oxides, preventing its movement into
groundwater and hindering its uptake by microbes (Kabata-Pendias, 2010).
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The pH of soil and water affect Mo uptake in plants and studies have shown
that the optimum pH for uptake is neutral, between 7.0 and 7.5 (Barshad,
1951). This, however, is also dependent on the amount of Mo available, the
nature of other minerals within the soil and the amount of organic matter
present (Stiefel, 2002; Marks et al., 2015). Large phosporous (P)
concentrations facilitate the uptake of Mo, whereas sulfur (S) can hinder
uptake (Stiefel, 2002).
Dispersion and Uptake
Molybdenite (MoS2) is the most common Mo mineral (Kabata-Pendias, 2010)
and is the main source of Mo in low F-type Mo porphyry deposits such as the
Endako Mine (Whalen et al., 2001). Oxidation processes cause Mo to migrate
from rocks to the surrounding environment. Weathering causes Mo sulfides,
molybdenite, to oxidize yielding MoO42- (molybdate) oxyanions within
neutral and moderate alkaline pH ranges (Kabata-Pendias, 2010). HMoO4- is
found at lower pH levels (<4) (Mitchell, 1990). Figure 2.2 illustrates the
regions of stability of Mo speciation with respect to Eh in volts (activity of
electrons) and pH (activity of hydrogen ions) to show either proton transfer
(e.g., hydrolysis) or electron transfer (oxidation or reduction) or both transfers.
Molybdenum’s accumulation and dispersion take place in soil, water,
microbes, plants and animals (Bashkin, 2002). Retention of Mo in surface
soils and sediments is facilitated by the differential adsorption of iron (Fe),
aluminium (Al) and manganese (Mn) hydrous oxides, as well as the
co-precipitation of mobile Mo anions by organic matter, CaCO3 and several
cations: Pb2+ (lead), Cu2+ (copper), Zn2+ (zinc), Mn2+ (manganese) and Ca2+
(calcium) (Kabata-Pendias, 2010). Differences in soil and vegetation Mo
contents in arid climates, however, can occur when plant roots access a water
table associated with Mo mineralization not available to the soil (Ullmer,
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1975), assuming the other elements present, such as sulfur, are not present to
interfere with the plant’s uptake. In wet, alkaline soils (at a pH between 6 and
8) the uptake of Mo by plants is related to the high activity of MoO42- and its
ability to form soluble thiomolybdates under reducing conditions (e.g., MoS42-
and MoO2S22-) (Kabata-Pendias, 2010). Thiomolybdates are strong ligands
which can bind Cu ions and Fe ions (Stiefel, 2002). The uptake of Mo by
plants is predominately as molybdate ions and may be facilitated by active
adsorption (Kabata-Pendias, 2010). Higher order plants, such as trees,
facilitate adsorption by producing and secreting carbon dioxide and organic
acids to break down minerals within the soil (King, Curtin, and Shacklette,
1984). Molybdenum is moderately mobile in plants and may be translocated
by the Mo-S amino acid complex or bound to proteins within the xylem fluid,
plant cells and phloem sap (Kabata-Pendias, 2010). Compartmentalization of
heavy metals can often be found in old leaves and bark (Lui, Ni, and Zhou,
2013) and is often associated with calcium oxalate crystals (Lintern et al.,
2013).
Gold
Gold (Au) is a chemical element, categorized as a transition metal, with the
atomic number of 79. This element is one of the least reactive chemical
elements and tends to occur naturally as a free metal on Earth. Gold can occur
as a solid solution series with silver (as electrum) and as natural alloys with Cu
and palladium (Pd). Gold compounds are less common and are predominately
gold tellurides. This element is not known to be essential to plant metabolism
(Shacklette, Lakin, and Curtin, 1970). Dispersion of gold from mineral
deposits typically occurs as mechanical or chemical weathering (Macdonald,
2007) as well as in aqueous dispersion patterns related to groundwater (Grimes
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FIGURE 2.2: Eh-pH diagram of dissolved Mo speciation in the system Mo-H2O-
S (Anbar, 2004).
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et al., 1995).
Dispersion and Uptake
Macdonald (2007) explains gold deposition in a variety of environments and is
summarized in the following paragraph. Eluvial (near-source) gold deposition
is the result of weathering of the source rocks in situ. Chemical weathering is
the main driver and gold accumulates through the action of percolating
rainwater, sheetflow and deflation (removal of loose, fine-grained particles).
Highly soluble elements (Na, K, Ca, Mg [magnesium] and Sr [strontium]) are
strongly leached and feldspars (aluminosilicates of K, Na and Ca) are
converted to soluble salts with insoluble residues of mica, clays and other rock
decomposition products. Alteration of the minerals containing these highly
soluble elements is confined to above the water table and decreases with depth
as the rock becomes less fragmented and as more salts are taken into solution.
Colluvial gold concentrations, according to Macdonald (2007), are the
products of mechanical weathering downslope of a ore body. In low relief
terrain, gold is typically mobilized by chemical dispersion (chiefly via
percolating rain water) associated with secondary mobilization in the regolith
(unconsolidated rocky material overlaying bedrock) overlying an unweathered
ore body. Alluvial gold is the deposition by water flow (Macdonald, 2007).
This type of gold deposition, also known as gold placer deposits, may occur
above ground in creeks, within the soil and underground. Once the gold and
associated particulates have been released by chemical and mechanical
weathering, the dominant driving force of alluvial dispersion is gravity with
secondary drivers of pressure gradients, capillary action, evaporation and
transpiration (plants) .
The mechanism by which plants accumulate gold is not well understood
(Lintern et al., 2013). Gold cyanide, when compared to colloidal, chloride,
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bromide, iodide, thiocyanate and thiosulfate gold solutions, is typically the
most readily absorbed by roots and transported in the largest amounts to plant
extremities (Shacklette, Lakin, and Curtin, 1970). Many plants and fungi
produce glycosides (a sugar bound to another functional group, e.g. cyanide)
which upon hydrolysis by enzymatic action creates hydrocyanic acid to
solubize gold within the soil (Shacklette, Lakin, and Curtin, 1970). A common
symbiotic association is also found between coniferous trees roots and the
mycorrhiza of filamentous fungi for the production of hydrocyanic acid (King,
Curtin, and Shacklette, 1984). Humic acid produced by decomposing
vegetation litter is also known to dissolve, complex and transport gold in
solution (King, Curtin, and Shacklette, 1984). The translocation of gold within
plants is not well-studied but the mechanism is thought to be similar to other
heavy metals with a resulting accumulation of nanoparticle gold associated
with calcium oxalate crystals within old leaves and bark (Lintern et al., 2013).
2.3.1 Lodgepole Pine and Mineral Exploration
Lodgepole pine (Pinus contorta var. latifolia) is a common sample medium
for biogeochemical exploration within western North America. This
coniferous tree is one of the most widely distributed plants in this region and
often occurs as the dominant (persistent or climactic) tree layer creating dense,
nearly pure stands (Anderson, 2003). These types of stands result in areas with
slow succession rates after fire (Lotan, 1976). Lodgepole pine can be found in
a variety of environments: from water-logged bogs to dry sandy soils (Parish,
1948). This tree grows best in moist soils whose parent materials are granites,
shales and coarse-grained lavas and are seldom found on drier soils derived
from limestone or highly calcareous soils derived from high Ca-dolomitic
limestone (Lotan, 1990). Lodgepole pines typically develop thin, narrow
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crowns with a moderately low and open branch habitat. Crown closures of
dense stands can range up to 75% to 95% for tree stands consisting of ≥90%
lodgepole pine (Fish et al., 2006). Rooting depth depends on soil texture and
averages approximately 3.3 m (10.8 ft), whereas lateral root systems with
sinker roots are more dominant in mature tree (Anderson, 2003). Lateral root
systems are dependent on stem height and can extend up to 7.62 m (25 feet)
with a depth of 10.16 cm (4 inches). Lateral root lengths are not dependent on
soil texture (Horton, 1958). The lengths of sinker roots, on lateral root
systems, are dependent on soil textures and can extend up to 3.05 m (10 feet).
The bark of lodgepole pine is typically thin and scaly ranging from 1-2 cm,
however at higher elevation the bark can reach up to 30 cm thick (Anderson,
2003). Pine bark is the desired sample medium in biogeochemical exploration
because the chemistry of the outer bark (rhytidome) does not change during
the course of the year, unlike twigs and leaves which are subject to seasonal
variations (Dunn, Balma, and Sibbick, 1996). This allows outer bark samples
to be collected at any time of the year, media may be collected from dead
trees, providing the non-decomposed bark is not contaminated with moss and
lichens, and samples from different survey periods may be integrated without
the need to normalize the data to a common time datum. Ideally, the trees
would also be of the same age and size as older or larger trees may have a
more expansive root system and would have had time to accumulate more
non-essential elements within its bark. Conifers, in particular, are considered
good sampling media due to their primitive nature that allows for a wide
tolerance of many trace elements (Dunn and Hastings, 2000). The outer bark
is a repository of many elements that are not required for normal plant
functions, for example: Au, As, Sb, Ce, Cr, Hf, La, Mo, Sc, Ag, Th and U. The
outer bark of some conifers, such as white spruce and subalpine fir, is not
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suitable for biogeochemical sampling since their outer bark layer is very thin
and contains sap nodules. Thin bark makes it difficult to collect a pure outer
bark sample and the presence of the sap nodules in the bark could contaminate
the sample media. Sap and inner bark are different sampling media with
different chemical compositions (Heberlein, Dunn, and Hoffman, 2015; Dunn,
2007a). The introduction of non-outer bark material, into an outer bark
sample, would result in a chemically different composition when compared to
a pure outer bark sample.
The roots of the lodgepole pine vary from a deep taproot during seedling
and sapling stages to a more developed lateral root system as the tree matures,
however the morphology of the root system can also be affected by persistent
local soil conditions (Anderson, 2003). A single large tree can extract
elements, in their various forms, from many cubic meters of its surrounding
environment including: various soil horizons, till layers, from within joints
and fractures of bedrock and from groundwater (Dunn and Hastings, 2000). In
contrast, local soil and till samples taken near a biogeochemical sample tend to
only represent a single soil horizon or till layer. Although there can be
similarities in the element distribution patterns of till and biogeochemical
samples, there are also some significant differences that need to be taken into
account. These differences include: the diversity of the sample media (single
pit versus root morphology), the bioavailability/solubility of elements within
the soil and the proximity to the source of mineralization (biogeochemical
samples reflect anomalies that are close-by, whereas till samples anomalies are
typically displaced down-ice) (Dunn and Hastings, 2000). In addition to root
morphology, the texture of the soil is also important for its influence on the
soil’s water holding capacity, nutrient-holding capacity, root penetration,
drainage (percolation) and aeration (Zimmermann and Brown, 1971). Soil
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texture is relative to the proportions of sand, silt and clay and determines the
relative coarseness or fineness of the soil particles. In areas with high clay
content, the ability of the soil to adsorb cations is increased (e.g., Ca, Mg, K,
etc.) (Zimmermann and Brown, 1971). The availability of water and solutes
around a root system is dependent upon hydraulic head (pressure and
elevation), porosity, water content, hydraulic conductivity, specific storage and
yield as well as solute transport properties (Domenico and Schwartz, 1998).
Lodgepole pine within the Nechako NATMAP project area was the victim
of a widespread mountain pine beetle epidemic which began in the early 1990s
(Wulder et al., 2009). By 1999, the epidemic had spread as light to trace
infestations within the NATMAP project area. This infestation reached its
peak in 2002 with moderate infestations (red-attack damage-pine trees with
red needles) throughout the southern Nechako NATMAP project area (Wulder
et al., 2009). This epidemic is well-documented due to lodgepole pine’s
commercial importance to the logging industry. All vegetation is, however,
subject to diseases and pests. For example, other dominant trees species
present within western North America include white spruce and subalpine fir:
“subalpine fir does not live long because of its susceptibility to wood-rotting
fungi, especially Indian paint fungus and bleeding conk fungus at between 120
and 140 years of age, where many trees become infected and die”, and “white
spruce is often shallow- rooted and susceptible to being blown over, especially
on thin or wet soils where large areas of blown down spruce are prime
breeding sites for the spruce beetle, which can then spread to mature trees and
kill thousands of hectares of old-growth spruce” (Parish, 1948). Non-pine
hosts, such as fir and spruce, are also sometimes attacked during mountain
pine beetle outbreaks (Bleiker and Six, 2007). The lodgepole pine mountain
pine beetle outbreak has been well-documented within the Nechako NATMAP
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project area since 1999 and is not expected to affect the current study since the
sample medium, rhytidome, is ’dead’ tissue. Plant tissues that have been used
for biogeochemical surveys within the Nechako Plateau and BC include:
lodgepole pine (Pinus contorta) sap, sub-alpine fir (Abies lasiocarpa) needles;
white spruce (Picea glauca) needles, tree tops, twigs, sap and bark; Engelman
spruce (Picea engelmanni) needles and bark; Douglas fir (Pseudotsuga
menziesii) needles; cedar (Thuja plicata) foliage; sitka alder (Alnus sinuata)
leaves; willow (Salix spp.) leaves; fireweed (Epilobium angustifolium) leaves;
paint brush (Castulleja sp.) leaves; and alfalfa (Miticago sp.) (Warren and
Delavault, 1965; Dunn, Balma, and Sibbick, 1996; Dunn, Cook, and Hall,
2007; Bissig, Heberlein, and Dunn, 2013; Heberlein, Dunn, and Hoffman,
2015). The decision upon which plant species to use is summarized by Hume,
Dunn, and Hill (2006) and is dependent on the local availability of a plant
species in order to set up desired sample spacing, the plants’ ability to
facilitate (hyperaccumulate) or inhibit element uptake (barrier species), the
availability of plants with the same age (growth) and the appearance (live
versus dead). Every plant species, and plant tissue, has different chemical
compositions, trace element tolerances and nutrient requirements therefore it
is not recommended to try to integrate the survey results from multiple plant
species or tissues, however, multiple species or tissues may be included and
interpreted separately within a study to ensure larger coverage of the study
area. Biogeochemical studies are studies that compare relative compositions
rather than the amounts of individual elements as this may vary greatly
between plant tissues and species (Dunn, 2007a).
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2.3.2 Till Morphology and Geochemistry
Till is unsorted material that is mainly derived from the subglacial erosion and
entrainment by advancing glacial ice, and its melt-water, over unconsolidated
sediments or bedrock (Dreimanis, 1988; McClenaghan, 2007). Numerous
studies related to till geochemistry, clast lithology, glacial dispersion
(stratigraphy) and drift exploration have been conducted in BC (Bobrowsky,
Giles, and Jackaman, 1992; Lett, 2008; Stumpf, 2008; Ferbey, 2008; Averill,
2017). In addition, a comparison study between biogeochemical lodgepole
pine outer bark and basal till was performed at the Mount Milligan Mine site
over their MBX and Southern Star Zones as well as the Phillip Lakes
Showing-an anomalous commodity sample was found at the Phillip Lakes
location (Dunn, Balma, and Sibbick, 1996; Sibbick, Balma, and Dunn, 1996).
They found that over thin till cover the biogeochemical anomalous Au results
are more tightly centred over the MBX Zone, Southern Star Zone and the
Phillip Lakes Showing than the till samples. Over thick till, the
biogeochemical anomalous Au results are centred but the till Au anomaly is
displaced 2.5 km down-ice (primarily east-northeast) (Dunn, 2007a). The
centering of biogeochemical element anomalies was also studied at the Beaver
Gold Dam project in Nova Scotia using the outer bark of red spruce (Picea
rubens) (Dunn, Coker, and Rogers, 1991). In this study, soil samples and
heavy mineral concentrates showed a 300 m dispersal pattern of Au and As
starting 50 m down-ice from the known mineralized zone. The outer bark
samples’ Au and As anomalies were coincident with a boulder train of vein
quartz and were more closely confined to the known mineralization than the
heavy mineral concentrate samples. Another example of till samples returning
down-ice geochemical anomalies and biogeochemical samples occurring over
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known mineralization is the studies conducted at the Endako Mine site
(Devine et al., 2015). In these studies, the till geochemistry returned larger Mo
values down-ice from the Endako Mine site, whereas biogeochemical
sampling of lodgepole pine outer bark and sap material returned a defined Mo
anomaly within the mine area.
As discussed by McClenaghan (2007), the dispersal patterns of till are not
confined to a drainage basin except in the valleys of mountainous regions.
Many different bedrock sources can be intermixed within these glacial
sediment and these sediments may still contain minerals that are usually
quickly weathered out (e.g., carbonates, garnets and sulfides). The transport
distances of glacial sediments may be from a few metres to hundreds of
kilometers. The size and shape of the dispersal trains are controlled by the
orientation of ice flow, the size and erodibility of the source bedrock,
topography and previous deposition events. These parameters can assist in
mapping dispersal trains. Mapping the dispersal of till are also accomplished
through the geochemical analysis of the element abundances found within till
fractions <0.063 mm (McClenaghan, 2007). From a mineral exploration and
geochemical mapping perspective the <0.063 mm fraction is useful for better
geochemical contrast (Rencz et al., 2006), especially when related to
property-scale geology (e.g., geological structure and composition). The
<0.002 mm fraction, however, relates better to the trace elements that are
bioavailable due to the greater number of elements adhering to the larger
surface area of the particles (relative to their volume and compared to the
<0.063 mm fraction) (Rencz et al., 2006). The bioavailability of the elements
is also dependent upon pH, moisture, salinity, redox potential, plant age, soil
depth/texture, pathology and climatic events (Dunn and Hastings, 2000).
These differing factors between till and biogeochemical samples make results
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incompatible for direct comparisons.
2.4 Multivariate Analysis
Multivariate analysis is a generic term for any statistical technique that
analyzes data using more than one variable. These techniques examine
relationships between multiple variables where input variables may be
dependent, independent or both. This type of statistical analysis is useful for
reducing the number of variables for data modeling and to select a subset of
variables based on original variable correlations. Some examples of
multivariate analysis data reduction include: Maximum Likelihood
Classification (MLC), Principal Component Analysis (PCA) and Factor
Analysis (FA).
Maximum likelihood classification (MLC) uses the variance and
covariance of each observation as defined by classes. This algorithm is based
on the assumption that the observations in each class are normally distributed
and have conditional probabilities (probability of an event given another event
has occurred or not-occurred) (Ahmad and Quegan, 2012). This requires
class-related training samples and is a common method used in remote sensing
(Ahmad and Quegan, 2012). MLC would be useful for comparing
biogeochemical data with the signatures of nearby deposits.
Principal Component Analysis (PCA) is a statistical procedure that
converts a set of possibly correlated variables into a set of linearly uncorrelated
variables (Pearson, 1901; Hotelling, 1933). These uncorrelated variables are
called principal components (PC). The results of PCA are described in terms
of eigenvectors, eigenvalues, scores and loadings (Joliffe, 2002). Eigenvectors
are vectors fixed in a direction given a linear transformation, whereas the
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eigenvalues are the scaling factors of the vectors. Scores are the transformed
variable values for each sample point, whereas loadings are the weights each
standardized original variable is multiplied by to create the score. PCA creates
linear combinations of variables to extract the maximum variance contained
within these variables. This maximum variance is then removed and a second
linear combination is created to explain the maximum proportion of the
remaining variance. This analogue of the principal axis method is repeated and
results in orthogonal (uncorrelated) factors using all the variability. This
method is useful for transforming data into meaningful parts (data reduction)
and has become the standard statistical approach for geochemical data analysis
(Cheng et al., 2011).
There are four assumptions of PCA (Laerd Statistics, 2016): multiple
variables are measured at a continuous level, there are linear relationships
between variables, the data are suitable for reduction using adequate
correlations, there are no significant outliers and sampling adequacy.
Continuous variables include ratio or interval variables such as weight or
concentrations. Linear relationships between variables is required since PCA
is based on the correlation coefficients between variables (i.e., the measure of
strength and direction of a linear relationship). Data suitable for reduction
refers to the need to have adequate correlations between variables in order to
reduce the variables to smaller components. Lastly, univariate outliers can be
defined as values greater than the upper quartile plus 1.5 times the interquartile
range or its inverse at the lower quartile range (Chen et al., 2015). Multivariate
outliers may be described as greater than 3 standard deviations from the mean
of the PCA scores (Laerd Statistics, 2016), however, more advanced methods
for determining outliers in compositional data are described in Filmozer and
Reimann (2012). Unnatural outliers due to sampling errors or other errors are
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important due to their disproportionate influence on results (Laerd Statistics,
2016).
There are three types of PCA used in geochemistry: R-mode (Cattell,
1966b; Akbarpour, Azizi, and Torab, 2013), Q-mode (Cattell, 1966b) and
RQ-mode (Gabriel, 1971; Zhou, Chang, and Davis, 1983; Grunsky, 2001).
R-mode PCA is a variable-based form of multivariate analysis. The goal is to
explain the maximum variance in the data by forming a smaller number of
composite variables that are linear combinations of the original. This results in
new orthogonal linear combinations, or R-mode factors, that account for
progressively decreasing proportions of variance. This method is useful for
examining inter-variable associations. Sample-based multivariate analysis is
termed Q-mode PCA. Unlike R-mode, this method preserves the associations
within the samples of the original data rather than the variance. The resultant
loadings represent the similarity of the sample to a set of orthogonal, synthetic
end-members. This method is ideal for studying how samples or objects relate.
RQ-mode PCA is a procedure developed to calculate both the variable (R) and
object (Q) loadings simultaneously. The first iteration of this method is
described by Gabriel (1971) as a biplot. The biplot is a graphical
representation of the variable loadings (vectors) in association with the scores
(points) for pairs of PCs represented by the x and y axes and is a natural result
of the singular value decomposition of a matrix (Aitchison and Greenacre,
2002). The variable loadings are scaled by the standard deviation of the PCs
multiplied by the square root of the number of observations. Their direction
and distance away from the origin can be interpreted: the direction is the
highest squared multiple correlation with the PC and the length is proportional
to the squared multiple correlation between the fitted values for the variable
and the variable itself. The PC scores are scaled to the unit sum-of-squares.
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Points that are closer together will have similar scores. Chemical samples with
relatively large concentrations of a given element will plot near the position of
the variable on the biplot. Elements that behave coherently in a geological
process will plot in close proximity to each other. This method performs well
in the evaluation of elemental associations and geological processes (Chen
et al., 2015).
Similar to PCA, FA is a multivariate method that describes the variability
in observed, correlated variables using a smaller number of unobserved
variables called factors (Thurstone, 1931). Factor Analysis is conducted by
combining variations in response to the unobserved latent variables. The
observed variables are then modeled as linear combinations of the potential
factors given an error. This information is used to reduce the number of
observed variables into a set of factors that best describe the data using the
variablity that is common between variables. This latent variable method is
useful for detecting structure within the data such as latent constructs/ factors
or causal modeling. FA is akin to PCA, however, it uses regression modeling
techniques to produce error terms, whereas PCA is a descriptive technique
without a null hypothesis or an initial model in which to test the resulting
components. This method is useful when evaluating element characteristics in
relation to chosen parameters (Filzmoser et al., 2009).
The assumptions of FA include: interval data, linear correlations between
variables, no outliers, an adequate sample size, a minimum sample to variable
ratio (nc/p) value of at least three to five, at least 10 observations for each
variable and an average measurement error of zero (Joliffe, 2002; MacCallum
et al., 1999). Additionally, there should be no perfect multicollinearity [linear
prediction of one or more variables based on another variable(s)], the
variances are not required to be equal and this method does not require a
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normal distribution. In summary, to obtain stable, accurate and interpretable
results from PCA and FA there are a number of aspects to consider: absolute
number of samples (N), sample-to-variable ratio (nc/p), communality
(reliability of the variable to account for variance), the degree of
over-determination (ability of multiple causes to individually account for a
single identical effect) and the sizes of loadings.
2.4.1 Compositional Data and Censoring
Compositional data are a set of vectors (sequences of data elements of the
same basic type in a column or row) whose components are a proportion or
percentage of a whole (Aitchison, 2005). Their sum is constrained to a
constant: 1 for proportions, 100 for percentages or another constant for parts
per total value (e.g., parts per million). Compositional data differ from
unconstrained data in that compositional data are ratios that are not free to
vary independently, whereas unconstrained data can vary independently. This
can result in an incorrect assessment of correlations or other measures of
associations commonly used in multivariate statistics (Aitchison, 1982). The
compositional data problem is commonly referred to as closure (Aitchison,
2005). To study the relative variation in compositional data, the data should be
based on log-ratios which excludes zeros (Aitchison, 1982; Hron, Templ, and
Filmozer, 2010).
Log-ratio transformation of compositional data is recommended due to the
problem with closure (Grunsky, 2010). Data normalization is also important
due to the skewed nature of most geochemical data, the assumption with most
statistical analyses that the population is normally distributed and to
compensate for possible differences in median values between populations
(e.g., datasets from different years). There are three main types of log-ratio
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transformations: additive, centred and isometric. Additive log-ratio
transformation is the log of the ratio of the variables and a variable considered
to be stable within a particular composition (Aitchison, 1982). This results in
asymmetry (Aitchison, 2005) and can result in a subjective transformation
(Filzmoser, Hron, and Reimann, 2009). Centred log-ratio transformation is the
log of the variables to the geometric mean (Aitchison, 1982). This treats all the
components symmetrically and allows for the original variable names to be
used in the interpretation of the results. The resulting data are collinear which
does not allow for robust methods that are dependent on full rank matrices
(Filzmoser, Hron, and Reimann, 2009). Isometric log-ratio transformation is
performed using a balancing element resulting in new variables that do not
have a direct connection to the original variables but are a combination of the
variables. This transformation allows for robust methods but requires a
back-transform to interpret loadings and score results (Filzmoser, Hron, and
Reimann, 2010).
Detection limits, within chemical studies, are the smallest concentrations
that can be reliably measured by a particular instrument (Proctor, 2008). The
result of using an instrument that is unable to detect the smallest
concentrations within a sample is called censoring and its products are below
the detection limit. Censoring is common in compositional data, such as
geochemical and biogeochemical data. The traditional approaches are to
replace the below detection limit results with suitably small values to keep the
majority of the data and to exclude the use of zeros. These methods of
replacement, however, are known to cause distortions in the general structure
of the data which could lead to misleading results, particularly for covariance
structures with subsequent sub-population analyses (Martin-Fernandez,
Palarea-Albaladejo, and Gomez-Garcia, 2003). Alternatively, imputation
Chapter 2. Literature Review 43
methods have been developed for multivariate data to estimate missing
information (Little and Rubin, 1987; Hron, Templ, and Filmozer, 2010).
There appears to be a scarcity of studies that treat biogeochemical plant
tissue data as compositional while conducting multivariate statistics.
Biogeochemical studies that measure the compositions of plant tissues tend to
use raw data values or z-scores to standardize the data (Pratas et al., 2005;
Baez-Cazull et al., 2008) instead of log-ratio transformation.
2.4.2 High Dimensional, Low Sample Size Data
The absolute number of samples (N) and the sample-to-variable ratio (nc/p)
are important in multivariate statistics as too few samples and too many
variables can result in inadequate variance stability and poor recovery of
components (Osborne and Costello, 2004). The general rule in behavioural
and life sciences is to use more than 100 samples and to have a nc/p value no
smaller than three to five (MacCallum et al., 1999). Communality, the degree
of over-determination (single effect determines multiple causes) and the sizes
of loadings, however, are found to be more useful in determining the precision
and stability of sample factor loadings (MacCallum et al., 1999). An extensive
review of sample size in factor analysis was conducted by MacCallum et al.
(1999) and Preacher and MacCallum (2002). It is not known whether these
requirements are suitable for the three types of PCA used in geochemistry:
R-mode (Cattell, 1966b; Akbarpour, Azizi, and Torab, 2013), Q-mode (Cattell,
1966b) and RQ-mode (Gabriel, 1971; Zhou, Chang, and Davis, 1983;
Grunsky, 2010).
Sampling adequacy for FA can be measured for each variable with the
Kaiser-Meyer-Olkin (KMO) Measure of Sampling Adequacy (MSA) (Kaiser
and Rice, 1974). This test compares the magnitudes of observed correlation
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coefficients to the magnitudes of partial correlation coefficients. The
expectation is that the partial correlations will be small if there are distinct
factors. An overall KMO should be greater than 0.6 (Kaiser and Rice, 1974),
although 0.8 is a better indication of reliable PCA results. It is not
recommended to remove individual indicators with the lowest KMO values
until the overall KMO is greater than 0.6 (Nardo et al., 2005). Sample size also
affects the KMO Test but KMO is an informative sampling adequacy test
providing the sample size is greater than 20 (Budaev, 2010). The use of the
KMO Test has been applied in a number of geochemical studies using
log-transformed data, log-transformed correlation matrices and raw values,
respectively, Sorsa et al. (2015), Drouin (2012), and Ameh, Imasuen, and
Imeokparia (2014). These studies, however, use the KMO Test to measure the
sampling adequacy of their data prior to PCA and not to improve the variance
stability or recovery of the components. They also do not use log-ratios in the
KMO test. A review of the literature to date has not yet revealed geochemical
or biogeochemical studies that use isometric log-ratio transformed data in the
KMO test or as a way to improve sampling adequacy. This may be due to
correlation coefficients based on raw or log-transformed compositional data
have no statistical meaning and the adaptation of tests for the lack of
correlation on log-ratio transformed data would be difficult (Filzmoser, Hron,
and Reimann, 2010).
The choice of components to retain is also important as poor choices could
lead to a loss in information (underestimation) or the introduction of random
noise (overestimation) (Dray, 2008). With small sample sizes, the correlations
may be poorly estimated and, at lower dimensions the features may appear
more strongly associated. The Kaiser (K1) Rule is where the PCs with
eigenvalues less than one are not used in FA and PCA interpretations (Kaiser,
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1960). The K1 Rule, however, is not appropriate for PCA as there is a
functional relation between the number of retained components and the
number of original variables (Dinno, 2009). Newer and more robust methods
of determining the number of factors to retain include Horn’s Parallel Analysis
(Horn, 1965) and Velicer’s MAP Test (Velicer, 1976). These two tests,
however, rely on the original data and it would be difficult to adapt them to
log-ratio transformed data (as suggested by Filzmoser, Hron, and Reimann
(2010)). The scree test is described by Cattell (1966a) in terms of retaining
factors, but is widely used in PCA (Joliffe, 2002). The scree test is the visual
representation of a significance test where the eigenvalues are plotted against
their corresponding ordered eigenvalue. The ideal scree plot is a steep curve,
followed by an inflection point and a near-horizontal line. The components to
retain are within the steep curve before the near-horizontal trend. This method
tends to be subjective and does not work well when there is not a clearly
defined, single break (Cangelosi and Goriely, 2007). The log-eigenvalue
diagram (LEV) is another method for determining component retention. It is
an adaptation of the scree graph where the log of the eigenvalue is plotted
against the PC number. The theory for this method is that eigenvalues related
to ’noise’ will decay geometrically and will appear linear. This method is
considered to be useful in determining the dimension of the data (Cangelosi
and Goriely, 2007). Ideally, a consensus method using a number of tests is
recommended as an upper limit to the number of components to retain
(Cangelosi and Goriely, 2007), providing the test is appropriate to
compositional data.
Communality, or the sum of squares of the loadings of the significant
principal components (PC), is the proportion of a variable’s variance that can
be explained by the PC or factor. For data with low sample-to-variable ratios,
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the shape of the component hyperellipsoid is difficult to define and may cause
the results to lack stability (Garrett, 2015). The hyperellipsoid can be broken
down into the mean as the centre, eigenvectors of the covariance matrix are the
orthogonal axes and the eigenvalues are the axes lengths. Variance is
maximized along the centre axis, while error is minimized for the orthogonal
axes to produce the hyperellipsoid. Variables with large absolute loadings (>
0.5) are considered to be well represented in the common component space
(IDRE, 2016).
2.5 Summary and Conclusions
As described in Chapter 1, the overall goal is to employ a multivariate
statistical methodology widely used in geochemistry, Principal Component
Analysis (PCA), and apply it to ’opened’ biogeochemical data to identify
element patterns in lodgepole pine outer bark for the purpose of Mo and Au
mineral exploration. Lodgepole pine (Pinus contorta var. latifolia) is a
common sample medium for biogeochemical exploration in western Canada
due to its primitive nature that allows for a wide tolerance of many trace
elements. Sufficient stabilities occur in plant chemistry to allow for
meaningful biogeochemical surveys to be conducted when season, year, plant
species, colony age and tissue type. When biogeochemical samples are
compared with till samples, there are significant differences: the diversity of
the sample media, the bioavailability/solubility of elements within the soil and
the proximity to the source of mineralization. These differences between till
and biogeochemical samples make their results incompatible for direct
comparisons.
Multivariate analysis is a generic term for any statistical technique that
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analyzes data using more than one variable. There are a number of different
types of multivariate analysis including Principal Component Analysis (PCA).
PCA is a statistical procedure that converts a set of possibly correlated
variables into a set of linearly uncorrelated variables. This method is useful for
transforming data into meaningful parts and is a standard statistical approach
for geochemical data analysis. RQ-mode is one type of PCA developed to
calculate both the variable (R) and object (Q) loadings simultaneously. This
method performs well in the evaluation of elemental associations and
geological processes. Creating stable, accurate and interpretable results from
PCA is dependent on the following aspects: censoring, compositional data,
absolute number of samples (N), sample-to-variable ratio (nc/p), communality
(reliability of the variable to account for variance), the degree of
over-determination (ability of multiple causes to individually account for a
single identical effect) and the sizes of loadings.
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3 STUDY AREA DESCRIPTION AND METHODOLOGY
The overall goal of this thesis, as described in Chapter 1 is to apply a Principal
Component Analysis (PCA) methodology widely used in geochemistry, to
biogeochemical data to identify element patterns in lodgepole pine outer bark
related Mo and Au mineral exploration. Chapter 2 reviewed the general
background information for this study: the regional geology of BC, vegetation
physiology and multivariate analysis suitable for compositional data of
geochemistry and biogeochemistry. Chapter 3 describes the study area in more
detail with respect to physiographic setting, local geology, data description and
methodology.
3.1 Study Area
The study area is located within the Geological Survey of Canada’s National
Mapping Program, the Nechako NATMAP project, which ran from 1995 to
2000. NATMAP encompassed all, or portions of, six 1:250,000 scale NTS
map sheets within central British Columbia (BC): Manson River (093N), Fort
Fraser (093K), Nechako River (093F), Prince George (093G/West), Smithers
(093L/09 and 16) and Hazelton (093M/01, 02, 07 and 08). The result is a
collection of digital geoscience data produced by members of the Geological
Survey of Canada (GSC), the British Columbia Geological Survey (BCGS), a
number of independent consultants as well as twelve universities and three
companies: Kyushu University (Japan), Simon Fraser University, University of
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Alberta, University of British Columbia, Université Claude Bernard á Lyon
(France), University of Guelph, Université Joseph Fourier (France), University
of New Brunswick, University of Ottawa, Université de Savoie (France),
University of Victoria, University of Wisconsin-Eau Claire (USA), Placer
Dome Inc., Cominco Ltd. and Endako Mines Limited.
Five towns or villages currently are located within the study area:
Vanderhoof, Fort St. James, Burns Lake, Takla Landing and Granisle. This
region continues to rely on active logging and has a long history of mineral
exploration. One porphyry-molybdenum mine, Centerra Gold Inc.’s
(previously Thompson Creek Metals) Endako Mine, has been operating within
this area since 1965. It suspended production at the end of 2014 and has been
under care and maintenance since July of 2015 due to the poor Mo market.
Two porphyry copper ± molybdenum ± gold mines were also active in this
area: Granisle (1966-1982) and Bell (1972-1991) (Baker, 2002). This area
also saw the establishment of two mercury mines: Pinchi Lake (1940-1944
and 1968-1975) and Bralorne-Takla (1944-nine months in operation) (Baker,
2002). The Bralorne-Takla Mine and area, a.k.a. Lustdust, is being evaluated
for copper, gold, silver and molybdenum (Alpha Gold Corp., 2013). Other
past producers and developed prospects commonly include the following
deposit types: surficial placer, jade/nephrite, limestone, polymetallic veins and
porphyry copper ± molybdenum ± gold. This area is mainly prospected for
molybdenum and gold, although a number of copper and lead prospects are
recorded in the BC MINFILE Mineral Inventory database: 093F 032-Boss
with 1.7% Cu and 33,962 ppm Pb (rocks), 093F 076-Goodwin with 2.5% Cu
(rock), 093K 034-Nechako with 4% Cu (rock), 093K 078-Hanson Lake with a
2 km by 9 km Zn-Pb soil anomaly.
The molybdenum subset area is located within the NATMAP project area.
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More specifically it is within the 1:250,000 scale NTS 093F Nechako River
map sheet (Figure 1.1). Biogeochemical lodgepole pine bark samples were
collected by the Nechako NATMAP Project in 1997 and 1998 from the
following 1:50,000 scale mapsheet areas: Takysie Lake (NTS 093F13), Knapp
Lake (NTS 093F14) and part of Marilla (NTS 093F12) (Dunn and Hastings,
1998), as well as Fraser Lake (NTS 093K02) and Endako (NTS 093K03)
(Dunn and Hastings, 1999). It is also home to Centerra Gold Inc.’s Endako
Mine which began operations in 1965.
The gold subset area is located 85 km southwest of Vanderhoof, BC
(Figure 1.1) within the 1:250,000 scale NTS 93F Nechako River map sheet.
Biogeochemical lodgepole pine bark samples were collected by the British
Columbia Geological Survey (BCGS) in 1994 from the Tsacha Lake (NTS 93
F/2) and Chedakuz Creek (NTS 93 F/7) 1:50,000 scale map sheets (Dunn and
Levson, 2010). This area is home to New Gold Inc.’s Blackwater advanced
exploration gold project.
3.2 Physiographic Setting
The Nechako NATMAP project area is located within the Central Plateau of
British Columbia. This project area extends northeast to the western shore of
Williston Lake and southwest to Entaiko and Tweedsmuir (South) Provincial
Parks. The sub-boreal spruce biogeoclimatic zone occupies the majority of the
terrain of BC’s Central Plateau. This zone is known for cold winters, short
warm and moist summers, deep snow cover and a variety of wildlife. This vast
and rolling landscape is home to lush coniferous forests. The dominant
coniferous species include lodgepole pine, white spruce and subalpine fir.
Common ground cover includes: lilies, ferns, blueberries, Devil’s Club,
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thimbleberry, Sitka alder, twin berry and bunchberry (Ministry of Forests,
1998).
This area is also the victim of a wide-spread, well-documented mountain
pine beetle epidemic (Wulder et al., 2009). Trace to moderate mountain pine
beetle infestations were discovered southwest of the project area, in
Tweedsmuir Provincial Park, in 1999. Trace to light infestations reached the
project area in 2001 and were manually mapped, using aerial photos, for
red-attack damage (i.e., dead trees) (Wulder et al., 2009). By 2004, light to
severe mountain pine beetle infested pine tree stands encompassed the
majority of the Central Plateau (Wulder et al., 2009) where an exponential
increase in 2004 resulted from the 2003 beetle flight (Hausot et al., 2012).
Provincial-level projections of this outbreak, in 2011, indicate that no new
infestations were observed or projected. In 2011, it was estimated that over 70
million cubic metres of pine volume have been killed within the Vanderhoof
Forest District (Hausot et al., 2012). Communities within BC’s Central
Interior have had between 50% and 80% of the forest within their local Timber
Harvesting Land Base (THLB) killed by the mountain pine beetle (Glover and
Larock, 2012). It’s estimated that approximately 61% of the merchantable
pine volume has been killed in this area since the start of the outbreak (Glover
and Larock, 2012). Provincial government initiatives have created an
enhanced mining exploration tax credit rate of 30% for qualified grassroots
mineral exploration performed within Mountain Pine Beetle affected areas
such as the Nechako NATMAP area. This initiative enhances the desirability
of conducting mineral exploration within this region.
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3.3 Study Area’s Geologic Setting
The Nechako Plateau is the product of Mesozoic subduction of an oceanic
terrane; the amalgamation of volcanic-arc terranes; intermittent Mesozoic
compression and magmatism; as well as Tertiary wrenching, extension and
magmatism. An extensive cover of till, flat-lying extrusive igneous rock and
vegetation masks the majority of this area (Church and Ryder, 2010). Three
terranes dominate the Nechako Plateau: the Stikine (Stikinia) and Quesnel
(Quesnellia) volcanic arc terranes separated by the oceanic Cache Creek
Terrane. The western portion of this plateau spans an area of westerly thrust
faults that demarcate the boundary between the Stikine and Cache Creek
Terranes. The steeply dipping Pinchi Fault separates the Cache Creek from the
Quesnel Terrane in the eastern portion of the Nechako Plateau (Struik, 2007).
The Nechako Plateau primarily consists of a series of island-arc marine
sedimentary and submarine volcanics covered by submarine and sub-aerial
pyroclastics and lava flows that are intermediate in composition and range in
age from 228 to 65 Ma. The terrane that dominates the central and east-central
portion of British Columbia is the Stikinia (or Stikine Terrane) (Diakow,
Webster, and Richards, 1997). The Stikine Terrane is a series of Jurassic,
Cretaceous and Tertiary magmatic arcs and successor basins that
uncomformably overlie Permian sedimentary basement rocks. The main
geological features that make the Nechako Plateau a highly prospective region
are its volcanic island arc terranes (known for hosting mineral assemblages);
the myriad of faults, fractures, shears and jointing (which provides openings
for fluid migration and the potential for metal precipitation); the associative
rock types (e.g., granitic rocks such as monzonite are typically associated with
copper deposits); and the numerous contacts between different rock types
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(heat caused by movement or from plutonic magmas result in fluid migration
and the potential for metal precipitation) (Baker, 2002).
The geology of the molybdenum subset area consists predominately of
Tertiary and Jurassic intermediate volcanics, Jurassic sedimentary rocks and
Jurassic intermediate intrusive rocks (Figure 3.1). Tertiary mafic to
intermediate volcanic rocks are located within the northwest and southeast of
the study area (tan colours). The central area of the survey area consists of the
Endako batholith and its many phases including the Bowser Lake, Francois
Lake and Stag Lake Suites (pink colours) (Struik, 2007).
The geology of the gold subset area is dominated by a central unmapped
area (unknown) (Figure 3.2). The Tertiary CH pluton in the east and other
intrusive rocks (pink colours) are found scattered throughout this area. Mafic to
intermediate volcanic rocks and are located within the northeast, northwest and
south of the study area. Sedimentary rocks are scattered in the central-north,
central west and southeast of this area (Struik, 2007).
The Nechako Plateau of central British Columbia is typically covered by
thick forests, an expansive blanket of till and associated sediments as well as
localised regions of basaltic flows (Cook and Dunn, 2007). Despite these
hindrances to effective mineral exploration this area contains some of BC’s
most lucrative producing mines and mining prospects such as: Centerra Gold
Inc.’s Endako Mine (molybdenum), Centerra Gold Inc.’s Mount Milligan Mine
(copper-gold) and New Gold Inc.’s Blackwater Project (gold-silver).
Based on the geology of the study are, the generalized, expected
geochemical signatures are summarized in Table 3.1.
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TABLE 3.1: Generalized expected geochemical signatures of the Nechako
Plateau geology, after Kirkwood et al. (2016). REE are Rare Earth Elements:
La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu ± Sc ± Y. The
abbreviation Assoc. is Association.
Rock Type Element Assoc. Inverse Assoc.
Mafic Ni, Cr, Ca, V, Co, Sc, Fe and Mg Rb, K, Th and REE
Ultramafic Cr, Ca and Mg Rb, K, Th and REE
Felsic Rb, K, Th, REE, U, Ta and Hf Cr, Ca and Mg
Sed. (arg.) Mn, Co, Mo and Fe
3.4 Endako Mo Deposit
The Endako Mo deposit as a low F-type Mo porphyry centrally located within
the Late Jurassic Francois Lake composite batholith (Whalen et al., 2001). Ten
distinct textural and compositional phases have been mapped thus far for this
batholith (Meredith-Jones, 2015). Molybdenum mineralization occurs as
molybdenite and can be found in two types of quartz veins: large veins up to
1.2 m in width with fine fracture-fillings and ribbon-textured veins (Devine
et al., 2015). The large stockwork veins are located within the Endako East
area and are associated with K-feldspar alteration assemblages
(K-feldspar+biotite (K, Mg, Fe mica)+quartz) with minor molybdenite. The
ribbon-textured veins are laminated as quartz-molybdenite and form the
majority of the ore. The mineralogy of these veins includes combinations of
quartz (SiO2), molybdenite (MoS2), magnetite (Fe3O4), pyrite (FeS2) and
chalcopyrite (CuFeS2) with rare occurrences of bornite (Cu5FeS4), sphalerite
([Zn,Fe]S), beryl (Be3Al2[SiO3]6) and bismuthinite (Bi2S3), whereas post-ore
veins consist of calcite, chaldedony and quartz-specularite (Dawson, 1972).
Alteration of the ore zone occurs in three distinct phases: pervasive
kaolinization (formation of hydrous Al silicate [kaolinite-clay] and release of
K+ ions), envelopes of K-feldspar and envelopes with sericite-K mica
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(Meredith-Jones, 2015). K-feldspar alteration is generally barren, whereas
sericite alteration and late kaolinite alteration is associated with the ore zone
(Devine et al., 2015). The host rocks are overlain by the Eocene post-mineral
volcanics of the Ootsa Lake Group and underlain by basinal clastic rocks from
the Early Jurassic Boer plutonic suite (Whalen et al., 2001). Quaternary
deposits conceal the majority of the bedrock within this deposit’s area (Figure
3.1). The measured reserves in 2014 were calculated at 47.6 million tonnes at
0.047% Mo (Meredith-Jones, 2015). Nithi Mountain, a nearby deposit, is also
located upon the Francois Lake batholith and has an indicated resource of
147.6 million tonnes at 0.023% Mo and an inferred resource of 239.6 million
tonnes at 0.020% Mo (Mosher, 2011).
3.5 Blackwater Au-Ag Deposit
The Blackwater Au-Ag deposit is a low to intermediate sulfidation, epithermal
gold-silver system (Looby, 2015). This system is located within a cluster of
mineralized-porphyry-intrusive centres. These centres occur within an
intermediate to felsic volcanic sequence from the Cretaceous Kasalka Group.
These host rocks are lithic-rich, latite (alkali feldspar and plagioclase) lapilli
tuff and felsic volcanic rock pervasively hydrofractured, pyritized, silicified
and seriticized. Mineralization typically occurs as disseminated and infilled
gold-bearing polymetallic sulfides. The host rocks are overlain by the Eocene
post-mineral volcanics of the Ootsa Lake Group and underlain by basinal
clastic rocks from the Late Jurassic Bowser Lake Group. Peripheral
biotite-sericite-sulfide, actinolite (Ca, Mg Fe silicate-amphibole)-sulfide and
garnet (spessartine-Mn, Al orthosilicate)-sulfide alteration assemblages mark
the deposit’s perimeter, whereas green sericite-quartz-pyrite and green
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sericite-chlorite-quartz-Cu/Pb/Zn sulfide assemblages are found in the
deposit’s centre (Looby, 2015; Averill, 2017). Quaternary deposits conceal the
majority of the bedrock within this deposit’s area (Figure 3.2). The mineral
reserve of this deposit is 8.2 million ounces of gold and 61 million ounces of
silver (Christie et al., 2014; New Gold Inc., 2016).
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FIGURE 3.1: Regional surveyed geology of the molybdenum subset area with
outer bark sample sample and resource information for Endako and Nithi
Mountain. This area mainly consists of Tertiary and Jurassic intermediate
volcanic rocks, Jurassic sedimentary rocks and Jurassic intermediate intrusive
rocks. The central and northeastern areas of the survey area is dominated by the
Endako batholith (pink), after Struik (2007).
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FIGURE 3.2: Regionally-mapped geology of the gold subset area overlain
by outer bark sample and local mineral exploration assessment report (ARIS)
locations. The centre of this area is dominated by unmapped area (unknown).
Other notable features include the Tertiary CH pluton in the east and the scattered
intrusives (pinks), after Struik (2007).
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3.6 Quaternary Geology of the Nechako Plateau
Dawson (1972) and Levson and Giles (1997) provided a comprehensive
description of the stratigraphy and sedimentology of Quaternary deposits to
define the glacial history and assist in the interpretation of till geochemistry of
the Nechako Plateau. This section on the Quaternary Geology of the Nechako
Plateau is a summary of their work. The Nechako Plateau is an area of low
relief situated between the Coastal and Hazelton Mountains to the west and the
Skeena Mountains in the north and broken only by the Quanchus, Fawnie and
Nechako ranges. This is an area in which ice moved, rather than accumulated.
The mountain ice sheets of the Coast, Omineca, Cariboo and Rocky Mountain
grew as piedmont glaciers to coalesce into an ice cap approximately 1800 m
thick. At this maximum thickness, the ice cap movement was primarily to the
east and northeast, from the Coast Mountains to the Rocky Mountain Trench.
The latest ice advance was followed by stagnation which resulted in the
formation of ephemeral glacial lakes and large meltwater channels as well as
widespread lacustrine deposits within the low-lying areas of the Nechako
Plain. In addition to glacial deposits, tertiary lava flowed to cover older rocks
as flat lying or gently-dipping formations or as locally formed steep
escarpments. The majority of the Mo and Au subset areas are underlain by a
till blanket (>1 m depth) or till veneer (<1 m depth) of diamicton (poorly
sorted, unconsolidated sediment of varying geneses). Since the quaternary
surficial geology texture of the study areas are homogenous, it not expected
that variations in the data would be caused by differences in texture. Studies
regarding the identifying chemical signatures under till cover have revealed
that biogeochemical samples overlie ore zones while till samples are displaced
down-ice (Dunn, Coker, and Rogers, 1991; Dunn, Balma, and Sibbick, 1996;
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Sibbick, Balma, and Dunn, 1996; Devine et al., 2015), providing the till cover
is of limited thickness (Bissig, Heberlein, and Dunn, 2013). For example,
Bissig, Heberlein, and Dunn (2013) identified biogeochemical patterns at a till
thickness of 100 m within south-central BC. A possible explanation of the
ability of biogeochemical samples to capture the underlying ore signature is
the plant’s access to mineralized fluid and gas as a result of gas-bubble
transport, from microbial action or degassing, in saturated groundwater and
the upward fluid transport from advective groundwater as a result of remnant
glacial tectonic pressure (Geffen et al., 2012). A hydrogeological study of the
Nechako Plateau by Rehman and Westlake (2010) has shown that productive
sand and gravel aquifers are at maximum depths of 100 m. These aquifer
depths indicate that the limited thicknesses of till for identifiable chemical
signatures may be related to aquifer morphology. Successful indicator mineral
and geochemical exploration using till samples in the Nechako Plateau, at the
Blackwater Gold Deposit, have been demonstrated to be effective by
collecting 2-3 quality samples every square kilometer (Averill, 2017).
3.7 Hydrogeology of the Nechako Plateau
Part of the Enbridge Northern Gateway Project was planned to run twinned
natural gas/diluted bitumen pipelines through the Endako Mine area. A
hydrogeological report was written by Rehman and Westlake (2010) for the
Gateway Project and the following paragraph is a summary of their report.
The majority of groundwater resources within this region consist of surficial
aquifers. Water wells drilled within this area found productive sand and gravel
aquifers at maximum depths of 100 m and unconsolidated surficial deposits
overlying bedrock were found to be the major source of groundwater. The
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FIGURE 3.3: Spatial distribution of the Mo subset samples with surficial geology
textures, after Arnold and Ferbey (2016).
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FIGURE 3.4: Spatial distribution of the Mo subset samples with surficial geology
types, after Arnold and Ferbey (2016). Diamicton refers to poorly sorted,
unconsolidated sediment of varying geneses.
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FIGURE 3.5: Spatial distribution of the Au subset samples with surficial geology
textures, after Arnold and Ferbey (2016).
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FIGURE 3.6: Spatial distribution of the Au subset samples with surficial geology
types, after Arnold and Ferbey (2016).
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groundwater geochemistry was found to be moderately to very hard consisting
of Ca-Mg-bicarbonate or Ca-Mg-Na assemblages and all wells were
dominated by Ca and bicarbonate-carbonate. Calcium tends to leach from
calcium-containing minerals, such as calcite and gypsum, within the aquifer.
Larger dissolved iron concentrations were found in some areas and is typically
due to rain fall or snow melts seeping through iron-bearing soil and rock to be
dissolved within the groundwater.
3.8 Data Description
The Nechako National Mapping Program (NATMAP), lodgepole pine
biogeochemical database consists of eight data sets: four survey projects
performed over four years and two different analytical methods (Instrumental
Neutron Activation Analysis [INAA] and Aqua Regia digestion with an
Inductively Coupled Plasma-Emission Spectrometry [ICP-ES] finish) (Struik,
2007). The sampling densities (number of samples collected per unit area) of
these surveys range from 1 per 7 km2 to 1 per 8 km2 with the majority of
surveys conducted at 1 per 7 km2. In 1994, the British Columbia Geological
Survey’s (BCGS) Interior Plateau Geoscience Project also conducted a
lodgepole pine outer bark survey in this area. These databases are used to map
the locations of element abundances. The collected samples consisted of the
outer bark (rhytidome) of lodgepole pine. Rock units were also inferred at
each sample point, but no slope, aspect or soil pH readings were taken. The
total number of samples is 765 and 44 elements were analysed. Quality
Assurance-Quality Control (QA-QC) was performed for all surveys via the
investigation of precision using field and lab duplicates and the determination
of accuracy using standard reference materials. These control samples were
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verified, by the survey authors, as good to excellent in quality depending upon
element concentrations and the analytical method. The QA-QC was also
independently verified as satisfactory (see Chapter 4 and Appendix A).
Additional datasets used in this study are the British Columbia (BC)
mineral inventory (MINFILE) database and the BC Geological Survey
(BCGS) Assessment Report Indexing System (ARIS) database. The MINFILE
repository contains the geology, location and economic information for over
13,000 mines, deposits and occurrences within BC. This database is used to
verify the findings from the biogeochemical databases (allowing for
as-yet-unknown mineral occurrences). MINFILE is updated each week by the
addition of new occurrences and modernization of the current information.
Assessment Report Indexing System (ARIS) has been maintained since 1947
and contains over 35,600 approved mineral exploration assessment reports.
The ARIS assessment reports contain geological, geophysical,
biogeochemical, geochemical, drilling and other exploration-related activities
within BC. The BC ARIS is updated monthly.
3.9 Methodology: Processing Biogeochemical Data
3.9.1 Analytical Methods
This study’s samples were collected by Dunn and Levson (2010), Dunn and
Hastings (1998) and Dunn and Hastings (1999). The samples were analysed
by two different analytical methods for 41 elements: Instrumental Neutron
Activation Analysis (INAA) and conventional 3:1 combination of HCl:HNO3,
aqua regia digestion with an Inductively-Coupled Plasma Emission
Spectrometry (ICP-ES) finish. The samples were ashed at the GSC
Laboratories in Ottawa and sent to Activation Laboratories Ltd. in Ancaster,
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ON for irradiation and determination of 28 elements by instrumental neutron
activation analysis (INAA). The ashing procedure involves weighing
approximately 50 g of dry bark into aluminium trays and placing them in a
pottery kiln. The kiln’s internal temperature is slowly raised, over 2-3 hours to
470◦C, then baked for a further 12 hours until no charcoal remained and the
samples were reduced to approximately 1 g of ash. This assay method reports
the total concentration of elements within the ash sample. ICP-ES results are
obtained from the reject samples material (extra sample material not processed
at the lab) after INAA or from split ash sent to Acme Analytical Laboratories
Ltd. in Vancouver, BC. The ashed samples underwent aqua regia acid
digestion prior to analysis which may result in incomplete digestion allowing
this assay method to report the total or near total concentrations of most
elements.
3.9.2 Exploratory Data Analysis
Exploratory Data Analysis (EDA) of the biogeochemical data downloaded
from Natural Resources Canada’s Canadian Database of Geochemical Surveys
is examined using R Statistics’ ‘rgr’ package. This analysis is based on the
guidelines in Grunsky (2010). EDA is an important step to ensure the quality
of the data as it is the foundation of this research. Raw data analysis included:
frequency-concentration histograms, Tukey Boxplots, empirical cumulative
distribution function (ECDF) plots, percent cumulative (normal) probability
(CPP) plots, quantile-quantile (Q-Q) plots and density plots (Appendix B).
These plots were examined for element distributions; breaks or peaks
indicating separate populations, changes in lithology or inappropriate assay
techniques; and extreme outliers. The breaks in the spatial distribution were
also mapped with the thresholds-between-populations to search for any
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derivations through different processes, as shown by empirical cumulative
distribution function (ECDF) and percent cumulative (normal) probability
(CPP) plots (e.g., regional background values where a large percentage of the
samples are located, mineralization and weathering effects). The raw data
were also summarized based on: elements, units, number, detection limit,
percent samples less than and greater than detection limits, minimum,
percentiles, median, mean, maximum, standard deviation, median absolute
deviation, and coefficient of variation (see Appendix A). The summary values
were checked for: populations above or below the detection limits, variability
(with outliers) within the population for each element (values within one
standard deviation of the mean), variability (resilient to outliers) within the
population for each element, as well as the extent of variability to the mean of
the population for comparison between elements and datasets. Data
summaries were performed using Microsoft ExcelTM.
R Statistics’ ’zCompositions’ package robust isometric log-ratio (ilr)
Expectation-Maximization (EM) algorithm (Palarea-Albaladejo and
Martin-Fernandez, 2013) was used for the imputation of below detection limit
(DL) data. This method is designed to meet the compositional nature of the
data while maintaining its basic relative relationship structure and minimizing
the influence of outlying samples and extreme ratios between analytes. The
expected (imputated) values of the ilr-EM method are conditional to the
information provided by the other analytes (except the log-ratio divisor) and
the detection limit (Palarea-Albaladejo and Martin-Fernandez, 2013). First the
data is ilr transformed, then robust censored regression is performed to
produce expected values conditional to the other analytes’ information and the
detection limit provided. After the algorithm fulfills the convergence criterium
(model error value used by an iterative algorithm to allow for minimal
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non-linearities in the solution), the ilr-values are transformed back by the
ilr-inverse transformation. Parametric methods, such as ilr-EM, generally
provide superior results, compared to the Kaplan-Meier (KM) estimator when
the data follow a lognormal distribution and the sample size is greater than 50
(Huston and Juarez-Colunga, 2009). Although Huston and Juarez-Colunga
(2009) used compositional data as examples, they did not refer to the closure
problem associated with compositional data in the text. The imputation of
below detection limit values was calculated providing that more than 50% of
the entire population for each year’s dataset is above the detection limit.
Variables with less than 50% of the population above the detection limit were
removed from further statistical analysis. Populations with greater than 50%
of their population less than the DL require more robust methods of
imputation (Huston and Juarez-Colunga, 2009). Each sample in the raw
datasets was normalized to the geometric mean of the elements (centred
log-ratio transformed) using CoDaPack (Comas-Cufí and Thió-Henestrosa,
2011). Log-ratio transformation of the samples is recommended due to the
problem with closure (reported units tend to be summed to 100% without
consideration for the complete suite of elements present within the material)
(Aitchison, 1982). Relationships between samples for the raw values within an
individual element may therefore be misleading since the data is closed and
individual elements are not free to vary independently of the other elements
analyzed. Data normalization is also important due to the skewed nature of
most geochemical data and the assumption with most statistical analyses that
the population is normally distributed.
As a result of this preliminary analysis, the data were subset into two areas:
1997 and 1998 area surrounding the Endako molybdenum mine as well as the
1994 sampling area near the Blackwater gold project.
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Molybdenum Data
The GSC lodgepole pine molybdenum biogeochemical database consists of
two data sets collected in 1997 and 1998 (Dunn and Hastings, 1998; Dunn and
Hastings, 1999). The sampling densities of this survey are approximately 1
sample for every 6 km2 and are dependent on the proximity to a resource road.
The total number of samples is 485. The 1997 ICP-ES dataset was not
analysed for B, Ba, Ca, Co, Cr, Fe, K, La, Li, Na, Sr, Ti, Y or Zn. The INAA
results were therefore used in this study to ensure the maximum number of
available elements and samples are used. In addition, substantial errors may
also be linked to ashing plant material prior to the acid digestion typically
coupled with ICP analyses (Paslawski and Migaszewski, 2006). This method
may cause the volatile release of elements such as As, Bi, Cd, S, Sb and Te, as
well as a larger percentage of recovery of Ca, Fe, Mg, Ni, P and Zn (if
included in the analyte list) when compared to digestion with concentrated
HNO3 in a microwave system. The increased recovery of certain elements
refers to the selective release of certain elements from the ash due to the
digestion by acid compared to the other elements analysed.
Gold Data
The BCGS lodgepole pine gold biogeochemical database consists of a single
data set collected in 1994 (Dunn and Levson, 2010). Based on sufficient reject
ash amounts following INAA, only 21 of the 51 original samples have ICP-
ES results for 13 elements: base metals plus P, Al, Ti, V and B. Gold was
not analysed by ICP-ES. Therefore the INAA results are more suitable for this
study. The sampling densities of this survey range from 1 per 7 km2 to 1 per 8
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km2 or more depending on the proximity to a resource road. The total number
of samples analysed by INAA is 51.
Principal Component Analysis
Principal Component Analysis (PCA) was used for the interpretation of the
biogeochemical data with respect to Mo and Au mineral exploration. The R
Statistics ’rgr’ package (Garrett, 2013) was used to perform Principal
Component Analysis (PCA) to define multi-element associations and their
relationships with lithology and gold or molybdenum mineralization. PCA is a
statistical procedure that converts a set of possibly correlated variables into a
set of linearly uncorrelated variables called principal components. The
’gx.mva.closed’ algorithm was used to perform PCA. This method centre
log-ratio transforms to ’open’ the compositional data prior to performing
simultaneous RQ-mode PCA. Topography (elevation, slope and aspect)
extracted from the Natural Resources Canada Geospatial Data Extraction
Digital Elevation Model (DEM-spatial resolution of approximately 20 m) was
used to compare the PCs with elevation, slope and aspect. Slope and aspect
were calculated from the DEM using QGIS’ GDAL tool ’Slope’ and ’Aspect’.
Elevation, slope and aspect values were extracted from the raster files using
Q-GIS’ SAGA tool ’Add raster values to points’, nearest neighbour extraction
method and added to the sample point feature shapefile.
High Dimensional, Low Sample Size Data
The gold dataset was examined as a high dimensional, low sample size dataset.
This dataset contains 51 samples and, after EDA, 25 elements (variables) were
retained resulting in a nc/p value of 2.04. After conducting PCA, using the
methodology described above, the number of expected components using the
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K1 method, scree plot and the log-eigenvalue (LEV) plot were examined. The
number of retained components were determined by the consensus of these
three methods and influenced by the absolute loading values. The stability of
the loadings were examined by calculating the sum-of-squares for the retained
components. A sum-of-squares greater than 0.5 and less than 1 was considered
to be acceptable since weakly overdetermined loadings show poor structure
(<0.5) and over-determination (high loadings over a number of variables, >1)
can also affects loading stability (MacCallum et al., 1999). Next, the loadings
were examined. Large absolute values (> 0.6) indicated stability. If all the
loadings for a particular component were less than an absolute value of 0.6, this
component was not retained for interpretation. Loadings with values greater
than an absolute value of 0.4 in more than one component were considered
to be over-determined. Consensus-determined components and large loadings
were used in the PC interpretations.
3.10 Quality Assurance-Quality Control Report Summary
Data quality is important to ensure the reflection of natural systems is as
accurate and precise as possible. High quality data ensures accurate
interpretations can be made as this data will closely reflect the composition of
natural systems. The goal of data verification is to determine whether or not to
use the data. If the data verification process locates numerous errors or
inconsistencies, then the data are not fit for the intended purpose; in this case,
the modeling of natural systems for the location of metallic mineral deposits.
The data in question for this thesis are the outer bark biogeochemical samples
collected for the Nechako NATMAP Project. The full QA-QC report, with
graphs, is located in Appendix A.
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To verify the quality of the data used in this thesis a data verification
review was conducted on 128 outer bark lodgepole pine duplicate ash and the
V6 GSC Standard Reference Material (SRM) inserted into the sample stream.
The V6 SRM is bulk reference material that is not commercially available and
is not a certified (see Appendix A for full description). The duplicate and SRM
samples are from the entire Nechako NATMAP and BCGS survey area, not
just the two subset areas, and the QA-QC was conducted prior to exploratory
data analysis (EDA). The quality of the data was determined by examining the
severity of inconsistency, incompleteness, accuracy, precision and missing or
unknown samples.
Inconsistency, incompleteness and missing or unknown samples were
determined by calculating the summary statistics. Of the 36 elements
analysed, 20 elements were found to have > 80% of the samples above the
detection limit (regional element list): As, Ba, Br, Ca, Ce, Co, Cr, Eu, Fe, K,
La, Na, Rb, Sb, Sc, Sm, Sr, Th, Yb and Zn. Since gold and molybdenum are
important commodities within the study area, two subset areas were chosen.
The Endako mine subset area (485 samples taken in 1997 and 1998) includes
24 elements: the regional element list as well as Cs, Hf, Lu and Mo. The
Blackwater subset area includes 25 elements (51 samples taken in 1994): the
regional element list as well as Au, Cs, Hf, Lu and Mo.
The accuracy of the data was determined by the calculation of the moving
average of the sample and the verification of duplicate samples. The moving
average, in this study, is the mean of two samples assumed to be assayed in
sequence. The original assay certificates did not accompany the published
reports therefore the samples are assumed to have been processed and assayed
in ascending order. The moving average ensures that the variations in the
running mean are aligned with shifts in time to emphasize cross-contamination
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between samples or differences between batches. For example, a highly
anomalous sample that has contaminated subsequent samples would show up
as a very slowly descending slope that causes the moving average to diminish
over time. Based on the assumed series, there were no obvious indicators of
between sample contaminations (see Appendix A-Figure 1). The samples
were analysed by INAA, which is a non-destructive technique that does not
rely on digestion of sample material, therefore incomplete digestion errors are
not expected.
Eighty-three (83) outer lodgepole pine bark samples were chosen for
duplicate analysis. The duplicate samples were created by splitting ash
produced from a single sample then sending the splits for analysis. The
duplicate samples are therefore considered to be analytical duplicates: they are
used to verify the reproducibility of the post-processing analytical procedure.
Duplicate samples were inserted into the sample stream at a ratio between 1 in
10 and 1 in 20 samples. An error margin of 20% between duplicates and a
failure rate of less than 80% of the sample duplicates is considered to be
within acceptable error limitations (Tetra Tech, 2012). Based on the assumed
series of the duplicates, there were no obvious indicators of between sample
contaminations.
The differences between the duplicate samples were verified against the
average values of each set of duplicates to show which duplicate differences
vary greater than the duplicate mean. As assayed values increase, the expected
difference between duplicates will increase as well (Appendix A-Figure 2).
The majority of the failed duplicates were below the detection limit and it is
not unexpected for these samples to fail. All the elements also had 80% or
more of the duplicate samples within 20% of each other, except Cs and Rb
(see Appendix A-Figure 2 for Rb and Cs). For Cs, there were five sets of
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duplicates in total. Two of the duplicates are below the detection limit and the
two other duplicates fall just outside the 20% failure line. Based on the
number of duplicates, the detection limit and their close proximity with the
failure line the Cs analysis is considered to be satisfactory. For Rb, a number
of the duplicates are below the detection limit and other duplicates are outside
the 20% failure line. When the detection limit value of Rb is taken into
consideration, less than 20% of the duplicate samples are outside the failure
line. The Rb analyses are therefore considered to be satisfactory.
Direct comparisons of the element values for duplicate ‘A’ and duplicate
‘B’ were also plotted to show the linear correlation coefficient R2. An R2 value
greater than 0.80 is considered acceptable for duplicate sample comparisons
(Tetra Tech, 2012). Duplicate samples are considered to have failed when they
fall outside of ±20% error lines. At or near detection limit values for
duplicates may also result in an increase in failure, but this is to be expected.
Four elements were found to have failed the duplicate comparison for certain
years: Cs (1994), K (1996), Rb (1997) and Sr (1996 and 1997) (see Appendix
A-Figure 3). The Cs failures are possibly due to fewer duplicates selected in a
smaller sampling program and the majority of the duplicate samples returning
as below the detection limit of 0.5 ppm Cs. The K duplicate failures may be
due to sample switching between two samples failing at the borderline. The
Rb duplicates only had 3 failures and may also be a result of sample switching.
The Sr duplicate sample failures are mainly due to at or below detection limit
failures. Overall the data show satisfactory accuracy.
The precision of the data was determined by the analysis of a Standard
Reference Material (SRM). In this case a bulk non-certified SRM material was
used. The element value of the SRM is plotted with respect to ±2 and ±3
standard deviations (SD) of this study’s assayed SRM mean and the expected
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value of the SRM to show any failed SRM samples. Samples that are located
beyond the 3 sigma error lines signify a SRM sample failure (Tetra Tech,
2012). For within lab SRM quality assurance, 80% of the samples within the 3
sigma lines are considered acceptable and is dependent upon the detection
limit values of each element (Tetra Tech, 2012). The majority of the failed
SRM values are related to instrumental drift: an increase or decrease in the
element value with a rebound back to the mean after the drift correction.
Instrumental drift may not necessarily indicate a complete failure. The
following elements’ means that are outside the SD of the expected value of the
SRM are Br (1998) and Na (1997 & 1998) (Appendix A Figure 4). Since both
the 1997 and 1998 Na data were beyond 3SD of the expected SRM value, this
is thought to be due to natural variations in the SRM. The Br values for the
1998 data, however, were above the 3SD of the expected SRM value and this
element was leveled to the 1996 data using quantile linear regression (see
Appendix A for details). The differences in the median values between the
1997 and 1998 datasets for Ce, Cr, Eu, Fe, Hf, La, Lu, Mo, Na, Sc, Sm, Th, Yb
(Fe-associated elements) is likely due to the differences in the spatial location
of the two datasets in relation to Mo mineralization extents, soil-plant systems
interactions and dominant lithologies: Endako batholith (1998) and andesitic
volcanics (1997) (Appendix A Figure 5). Overall the precision of the data is
considered to be satisfactory.
3.10.1 Summary
The quality of the data was determined by calculating the severity of
inconsistency, incompleteness, accuracy, precision and missing or unknown
samples were determined. Inconsistency, incompleteness and missing or
unknown samples were determined by calculating the summary statistics. The
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most consistent and complete sets of elements were chosen for further
analysis: 24 elements for the Endako Mine subset area and 25 elements for the
Blackwater Project area. The accuracy of the data was determined by
calculating the moving average of the samples in an assumed series and
analysing duplicate samples for any record with greater than 20% deviation
from each other. Four elements were found to have failed the duplicate
comparison for certain years: Cs (1994), K (1996), Rb (1997) and Sr (1996
and 1997). This failure may be due to sample switching, small sampling
program or borderline fails. The precision of the data was determined by the
analysis of a Standard Reference Material (SRM). Any SRM that falls beyond
3 sigma of the average SRM value is considered a failure. The majority of the
failed SRM values are related to instrumental drift: an increase or decrease in
the element value with a rebound back to the mean after the drift correction.
Instrumental drift may not necessarily indicate a complete failure. The 1998
Br concentrations were above the expected SRM 3SD values and this element
was leveled using quantile linear regression with the 1996 data. Overall the
accuracy and precision of the data selected is considered to be satisfactory for
the elements selected based on the analysis of the summary statistics.
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4 MOLYBDENUM DATASET: STATISTICAL PROCESSING AND
THE INTERPRETATION OF BIOGEOCHEMICAL DATA
Chapter 1 described the overall goal of this thesis: to apply Principal
Component Analysis (PCA), a multivariate statistical methodology widely
used in geochemistry, to biogeochemical data with the purpose of Mo and Au
mineral exploration. Chapter 2 reviewed the concepts related to this study
while Chapter 3 describes the study area and the methodology. This chapter
describes the results of the Mo dataset, then discusses the results.
4.1 Results
The raw data summary revealed that 17 of the 30 elements analysed by INAA
have values that are below the detection limit value. When more than 10% of
the samples return below detection limit values, a value reported at or less than
the detection limit may over-estimate the true value and cause a positive bias
in the mean and variance of the sample population, also known as censoring
(Sanford, Pierson, and Crovelli, 1993). For elements with greater than 10% of
their population below the detection limit, a maximum likelihood method
(ML) is recommended (Sanford, Pierson, and Crovelli, 1993;
Palarea-Albaladejo and Martin-Fernandez, 2016; Martin-Fernandez,
Palarea-Albaladejo, and Gomez-Garcia, 2003). This method is designed to
meet the compositional nature of the data while maintaining its basic relative
relationship structure (Palarea-Albaladejo, Martin-Fernandez, and Buccianti,
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2014) and is not expected to alter findings if these elements were omitted since
the data is ’opened’ prior to statistical analysis using log-ratio transformation
(see Chapter 2). Of the 16 elements with below DL values, seven have below
DL values up to 10% and four elements are greater than 50%. The four
elements with greater than 50% of their population below the detection limit
are not included in this study: Au, Nd, U and W. Populations with greater than
50% of their population less than the DL require more robust methods (Huston
and Juarez-Colunga, 2009). Due to the large sample size (485 samples) and
some elements with greater than 10% with below DL values, the robust ilr-EM
parametric procedure was used for the remaining below DL data. The percent
of samples below the detection limit is listed in Table 4.1 and their values
range from 0% to 32%. There were no above detection limit values.
Parametric methods generally provide superior results, compared to the
Kaplan-Meier (KM) estimator, when the data follow a log-normal distribution
and the sample size is greater than 50 (Huston and Juarez-Colunga, 2009). The
list of censored elements with imputed values includes: As, Ce, Cr, Cs, Eu, Hf,
Lu, Mo, Rb, Sr, Th and Yb. The final list of elements for further statistical
analysis consists of 24 elements: As, Ba, Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, K,
La, Lu, Mo, Na, Rb, Sb, Sc, Sm, Sr, Th, Yb and Zn.
4.1.1 Exploratory Data Analysis
Raw data analysis also includes: frequency-concentration histogram, Tukey
Boxplot, empirical cumulative distribution function (ECDF), percent
cumulative (normal) probability (CPP) plot, quantile-quantile (Q-Q) plot and
density plot (see Appendix B). These plots are checked for the population’s
shape of distribution. The shapes are analysed for breaks or peaks indicating
separate populations derived from different processes, changes in lithology or
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TABLE 4.1: Summary concentrations of the raw ilr-EM imputed values for 24
elements. Unit refers to a unit of solute per unit of solution (or concentration)
where ppm is parts per million and pct is percent (pct values were calculated
back to pct, from ppm, after imputation). The abbreviation for Detection Limit
is DL.
Element (unit) % < DL Background Anomalous Outlier Maximum
As (ppm) 1.4 3 5 10 240
Ba (ppm) 0 550 1000 N/A 3700
Br (ppm) 0 12 30 45 56
Ca (pct) 0 40.0 N/A N/A 45
Ce (ppm) 8.4 10 55 85 180
Co (ppm) 0.1 3 13 N/A 27
Cr (ppm) 3.9 10 40 60 320
Cs (ppm) 26.2 1.7 2.5 4.0 24.0
Eu (ppm) 12.2 0.20 1.25 1.75 2.35
Fe (pct) 0 0.50 2.80 N/A 4.84
Hf (ppm) 29.7 0.7 4.25 N/A 5.6
K (pct) 0 4.0 7.5 10.0 15.0
La (ppm) 0 5 25 40 80
Lu (ppm) 30.4 0.07 0.20 0.40 0.85
Mo (ppm) 32.1 3 1500 1700 15000
Na (ppm) 0 4000 N/A 24000 30000
Rb (ppm) 0.6 40 97 140 180
Sb (ppm) 0.1 1.0 1.3 2.6 730
Sc (ppm) 0 2.0 9.0 14.0 14.0
Sm (ppm) 0 1.0 5.0 8.0 13.0
Sr (ppm) 2.8 1000 1700 2800 2900
Th (ppm) 3.9 0.5 3.8 7.8 11.0
Yb (ppm) 3.8 0.40 2.75 4.25 5.50
Zn (ppm) 0 1800 N/A 3700 4100
inappropriate assay techniques and extreme outliers (significantly greater than
the value of a univariate outlier as described in Chapter 2). Table 4.1 includes
the maximum, background, anomalous and outlier breaks in data. The
anomalous and outlier values are based on the Tukey Boxplots from Appendix
B and univariate outliers are described in Chapter 2. Examination of these
breaks indicates that all of the chosen elements have outlier and/or anomalous
values except Ca.
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Figure 4.1 displays the Normal Quantile-Quantile (Q-Q) plots for all the
chosen elements. Q-Q plots assist in determining the plausibility of a
theoretical distribution. A uniform distribution would result in a straight line,
whereas skewed data would show as a curved line. All elements, except Ba,
Ca and Zn which display a normal distribution, show inflection points in the
curves indicating that there are at least two populations. Calcium also shows a
slight increase (bump) at the larger values. Arsenic, Mo and Sb have an
abundance of near DL samples, extreme outliers, and an inflection point close
to the 90th percentile (red arrows in Figure 4.1). Larger Q-Q graphs are
available in Appendix B.
Figures 4.2 and 4.3 show the centred log-ratio (clr) transformed values for
Mo and Co underlain by topography. Jenks (natural breaks) is a classification
method used to demonstrate the natural groupings of a feature based on its
histogram and is appropriate for visualizing the relationship between sample
element values. The percentile classification method, however, classifies a
feature based on an percentage of the data that is less than a certain point and
would be more appropriate for visualizing individual raw data values. The
spatial pattern of Mo reveals larger values occur within the central area. This
clustering of large Mo values indicate a molybdenum occurrence within this
area and they have been described as "the largest biogeochemical molybdenum
anomaly of any reported from around the world, and of any metal it is second
only in size to the Wollaston biogeochemical uranium anomaly in
Saskatchewan" (Riordan, 2003). The spatial pattern of Mo is coincident with
the Endako Mine area and the Endako batholith. Low Mo concentrations tend
to occur towards the northeast and southwest. The overall ice-direction for this
area trends to the northeast (Giles and Levson, 1995) while the prevailing wind
direction is from the west (Riordan, 2003). Studies have shown, however, that
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FIGURE 4.1: Normal Quantile-Quantile plots for 24 elements. Inflection points
occur with all elements except Ba, Ca and Zn. Molybdenum, As and Sb
have inflection points (red arrows) near the 90th percentile indicating possible
associations with mineralization. Theoretical quantiles are based on a normal
distribution and represented by the x-axis, whereas sample quantiles are the y-
axis. Larger scaled graphs are in Appendix B. All sample quantile values are in
ppm except Ca, Fe and K.
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the tree bark sample anomaly distributions are centred over known
mineralization (Dunn, 2007a). The distribution pattern of Co (Figure 4.3) also
shows that larger concentrations occur in the northeast and southwest, but not
in proximity to the Endako Mine site.
Figures 4.4, 4.5 and 4.6 show the centred log-ratio (clr) transformed values
for As, Sb and Cs underlain by topography. Due to the problem of closure
(see Chapter 2), log-ratio transformed values, such as clr transformed data, are
preferential for visualizing the distribution of an element rather than raw values.
Larger As concentrations occur north of Endako Mine and in the southwest with
smaller values occurring southeast of the Endako Mine (Figure 4.4). Samples
with larger Sb concentrations are located in the north to northwest areas of
the study area with smaller concentrations southeast of the Endako Mine Site
(Figure 4.5). Caesium also shows smaller values are located southeast of the
Endako Mine Site (Figure 4.6). Larger Cs occurrences are clustered in the
south-central portion of the sampled area.
Figures 4.7, 4.8 and 4.9 show the centred log-ratio (clr) transformed value
scatter plots for Mo, Co, As and Sb; Ca, Sr, Ba, Rb and K; as well as Eu,
Cr and Fe. The Mo-Co scatter plot (Figure 4.7) shows a negative correlation.
The Mo-As-Sb scatter plot (Figure 4.7) shows a positive correlation between
As and Sb as the values increase but neither As or Sb is correlated with Mo
(Figure 4.7). The paired scatter plots for Ca-Sr-Ba-K-Rb (Figure 4.8) show
positive correlations between all the pairs. The Eu-Cr-Fe scatter plot (Figure
4.9) demonstrates the bimodal population of Eu and Cr which occurred with
all element pairings. Figures 4.10 and 4.11 show the 1997 and 1998 Eu and
Cr data, respectively, as well as their histograms in relation to the regionally
mapped geology. The paired scatter plot graphs for all the chosen elements are
located in Appendix B: the REE elements analysed (La, Ce, Sm, Eu, Yb, Lu ±
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FIGURE 4.2: Spatial distribution of centered log-ratio (clr) transformed values
for Mo display patterns of enrichment near the Endako mine site. Jenks (natural
breaks) is a classification method that partitions the data into classes based on
natural groupings (low points of valleys in the data distribution’s histogram).
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FIGURE 4.3: Spatial distribution of clr transformed values for cobalt (Co)
displays smaller values close to the Endako Mine and larger values towards the
northwest and southeast of the study area.
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FIGURE 4.4: Spatial distribution of clr transformed values for arsenic (As)
shows that larger concentrations are located north of the Endako Mine.
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FIGURE 4.5: Spatial distribution of clr transformed values for antimony (Sb)
shows smaller concentrations near the Endako Mine and larger concentrations
are located within the north, west and east portions of the study area.
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FIGURE 4.6: Spatial distribution of clr transformed values for caesium (Cs)
displays smaller values near the Endako Mine and larger concentrations towards
the south-central portion of the study area.
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Sc) correlate with each other and with Na, Fe, Hf, Cr and Th. Bivariate scatter
plots that do not account for closure may be misleading although the observed
trace element association may appear to represent the area, the patterns are
an artifact of closure and do not represent stoichiometric control of element
distributions.
The Mo dataset consists of two sampling programs that were conducted in
1997 and 1998 (Dunn and Hastings, 1998; Dunn and Hastings, 1999). The
median values for each of the selected elements are displayed in Table 4.2.
Significant differences were found in the median values for Ce, Cr, Eu, Fe, La,
Lu, Mo, Na, Sc, Sm, Th and Yb.
4.1.2 Principal Component Analysis
Principal Component Analysis (PCA) was used to transform 24 chosen
elements into meaningful parts (data reduction) which would identify a
number of distinct element associations. Figure 4.12 displays the importance
of the components for all the elements in relation to their eigenvalue. The first
four components account for 78% of the total variance.
Figures 4.13 and 4.14 display the component loadings for the first two
principal components and Figures 4.17, 4.18 and 4.19 show the biplots for PC
1 versus PC 2, 3 and 4. Principal Component 1 (59% of the variation) shows
that Ce, La, Sm, Fe, Sc, Lu, Na, Yb, Hf, Th, Eu and Cr relative enrichment is
inversely associated with Zn, Ca, Sr, K, Br, Ba and Rb (Figure 4.17). Principal
Component 2 has significant Mo and Co loadings and accounts for 7% of the
variation (Figure 4.17). The large angle of the lines between Mo and Co
indicates that they are inversely associated. PC 3 shows significant loadings
for As and Sb and accounts for 6% of the total variance (Figure 4.18). PC 4
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FIGURE 4.7: Scatter plots of clr transformed values for molybdenum (Mo),
cobalt (Co), arsenic (As) and antimony (Sb) show that there is an inverse
correlation between Mo and Co, no correlation between Mo-As or Mo-Sb, and
a positive correlation between As and Sb at larger concentrations of As and Sb.
Positive and negative correlations of closed (raw), compositional data may be
misleading since these patterns are an artifact of closure and do not represent the
stoichiometric control of element distributions.
Chapter 4. Molybdenum Dataset: Statistical Processing and the Interpretation
of Biogeochemical Data
93
FIGURE 4.8: Scatter plots of clr transformed values for calcium (Ca),
strontium (Sr), barium (Ba), potassium (K) and rubidium (Rb) show the positive
correlations between these elements.
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FIGURE 4.9: Scatter plots of clr transformed values for europium (Eu),
chromium and iron (Fe) demonstrates the bimodal population of Eu and Cr.
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FIGURE 4.10: Europium clr values for the 1997 and 1998 datasets with
accompanying histograms and regionally mappped geology, after Struik (2007).
For geological legend see Figure 3.1.
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FIGURE 4.11: Chromium clr values for the 1997 and 1998 datasets with
accompanying histograms and regionally mappped geology, after Struik (2007).
For geological legend see Figure 3.1.
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TABLE 4.2: Median values of the raw ilr-EM imputed values for the 24 chosen
elements. Unit refers to a unit of solute per unit of solution (or concentration)
where ppm is parts per million and pct is percent. Half the detection limit was
used to calculate median values of the raw data.
Element unit 1997 1998 Absolute Difference
As ppm 1.8 2.4 0.6
Ba ppm 500 640 140
Br ppm 12 15 3
Ca pct 31.2 29 2.2
Ce ppm 7 16.5 9.5
Co ppm 4 6 2
Cr ppm 6 13 7
Cs ppm 0.8 0.9 0.1
Eu ppm 0.16 0.345 0.185
Fe pct 0.34 0.835 0.495
Hf ppm 0.6 1.2 0.6
K pct 3.24 4.065 0.825
La ppm 3.3 8.1 4.8
Lu ppm 0.05 0.12 0.07
Mo ppm 14 75.5 61.5
Na ppm 3050 6705 3655
Rb ppm 35 40 5
Sb ppm 0.6 0.9 0.3
Sc ppm 1.1 2.55 1.45
Sm ppm 0.6 1.45 0.85
Sr ppm 1000 1150 150
Th ppm 0.5 1 0.5
Yb ppm 0.31 0.7 0.39
Zn ppm 1800 1600 200
Chapter 4. Molybdenum Dataset: Statistical Processing and the Interpretation
of Biogeochemical Data
98
FIGURE 4.12: Ordered components of the 24 chosen elements showing
eigenvalues along the left y-axis and cumulative percent of variance along the
right y-axis. The dashed line is the cumulative percent, whereas the solid line is
the eigenvalues. Inflections at the second and fifth PC indicate that the first two
to four PCs explain the majority of the variance.
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FIGURE 4.13: Loadings of the first PC showing element associations. PC 1
accounts for 59% of the total variability.
returned a significant loading for Cs and accounts for 5% of the total variance
(Figure 4.19).
Figures 4.20, 4.21, 4.22 and 4.23 display the PC 1 through 4 scores. The
first PC shows northern and central relative enrichment of Ce, La, Sm, Fe, Sc,
Lu, Na, Yb, Hf, Th, Eu and Cr, is inversely associated with Zn, Ca, Sr, K, Br,
Ba and Rb, trending to the inverse in the northwest (Figure 4.20). PC 2 displays
Mo relative enrichment in the central and northern portions of the survey area
(Figures 4.21).
The third PC shows three distinct anomalies (red circles) north of the
Endako Mine (Figure 4.22). Local assessment reports are available for the
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FIGURE 4.14: Loadings of the second PC showing element associations. PC 2
has a significant loading for Mo and accounts for 7% of the total variability.
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FIGURE 4.15: Loadings for the third PC showing element associations. PC 3
has significant loadings for As and Sb. This PC accounts for 6% of the total
variability.
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FIGURE 4.16: Loadings for the fourth PC showing element associations. PC 4
has a significant loading for Cs. This PC accounts for 5% of the total variability.
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FIGURE 4.17: Biplot of first two PCs showing element associations and a total
variance of 66.5%. Molybdenum and Co have an inverse association. The
variable loadings (red lines, loadings are scaled by the standard deviation of
the PCs multiplied by the square root of the number of samples) in association
with the scores (circles) for pairs of PCs represented by the x and y axes. The
black circles within the plot represent individual samples, whereas the red letters
represent the elements.
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FIGURE 4.18: Biplot of first and third PCs showing element associations.
Antimony and As have an positive association.
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FIGURE 4.19: Biplot of first and fourth PCs showing element associations.
Caesium has the largest loading for this component.
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centre anomaly which is in proximity to the Joe claim and south of Tatin Lake
Claim as well as the Hanson Lake Showing. The Joe claim mapped three
granitic rock types, minor intrusives and dykes as well as a strong system of
joints (Ball, Dunn, and Cribbs, 1963). They also mapped zones of
K-feldspathization (mono-minerallic zone of K feldspar) and argillization
(alteration of feldspars to form clay minerals which may adsorb Ca cations to
their surface) up to 2 feet in width along quartz veins. The soil geochemical
results were only analysed for Mo and did not return significant values. North
of the Joe claim are reports for the Tatin Lake claim and Hanson Lake
showing. The Tatin Lake claim report showed Mo and Cu mineralization
occurred with quartz veins associated with granitic rocks (Lodder and Godfrey,
1969). The Hanson Lake showing developed as a result of a reconnaissance
program by Endako Mines staff during the 1960s and 1970s that revealed a 2
by 9 km Zn-Pb anomaly with locally enriched Ag-Cu and outlying areas of
Cu-Mo (Flower, 2009). Lead abundances in outer lodgepole pine bark, near
the former Sullivan Pb-Zn Mine in southern BC, reached a maximum of 400
ppm (Dunn, 2007a), whereas concentrations near the Mount Polley Cu ± Mo
± Au porphyry in central BC reached over 30 ppm Cu in dry twigs and foliage
of several conifers (Dunn, Cook, and Hall, 2007). The maximum Cu values
within the ICP-ES dataset for this study area ranged from 89 to 233 ppm with
corresponding Pb values from 186 to 674 ppm (Dunn and Hastings, 1999).
Principal component 4 shows a relatively enriched Cs area south of the
Endako Mine (Figure 4.23). Local assessment reports include general
geological and geochemical surveys for the Bingo, Borel and Alco claims. The
Bingo claim was surveyed for metallic ions in the subsoil using the THI cold
reaction geochemical test. This test uses two immiscible liquids, a cold
aqueous extractant and a solution of dithizone in toluene or hexane, to
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colorimetrically indicate quantities of Cu, Pb and Zn (Hawkes, 1963). The
metallic ion field test conducted on the Bingo claim revealed a number of
metallic mineralization trends within the property (Selmeer, 1965). The Borel
Claim sits on the northeast-trending Anzus Fault and was prospected to obtain
8 rock and 13 dry pine samples (Kennedy, 2012). The part of the tree that was
sampled was not documented, but based on the sample description (e.g., 14
inch dry pine) and the sample preparation procedure (plant maceration) the
likely sample material collected is twigs. The rock and vegetation samples
were not all taken at the same locations. Although the rock samples failed to
provide indications of anomalous areas, the pine samples had large values for
Hg (134 ppb, compared to the minimum level of 11 ppb Hg), Ag (25 and 49
ppb, compared to a minimum value of < 2 ppb Ag) and Cs (0.416 compared to
0.017 ppb). Typical Hg values for vegetation samples growing in
non-mineralized ground is rarely in excess of 150 ppb Hg, whereas
mineralized ground produces values of 200 to 1600 ppb Hg (Warren et al.,
1983). The Alco Claim also conducted a rock geochemistry and
biogeochemistry program consisting of 44 outer lodgepole pine bark samples
(Kennedy, 2013). The Ag values ranged from < 2 ppb to 282 ppb, Hg values
from < 1 to 118 ppb and Cs from 0.014 to 0.225 ppm. The larger Ag values
are in proximity to the rock samples with anomalous Ag and Au.
Linear regression of PC 1 with elevation extracted from Natural Resources
Canada Geospatial Data Extraction Digital Elevation Model (DEM) resulted
in a small R-squared values (<0.18) for the first four PCs indicating that the
PCs were not correlated with elevation (Figures 4.24, 4.25, 4.26, 4.27). PC
linear regression with slope and aspect also resulted in small R-squared values
(<0.05) which shows that the first four PCs were not correlated with slope or
aspect (Figures 4.28, 4.29, 4.30, 4.31, 4.32, 4.33, 4.34 and 4.35). The relief in
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FIGURE 4.20: Spatial distribution of the PC 1 scores underlain by regionally
mapped geology. PC 1 represents the relative enrichment of Ce, La, Sm, Fe, Sc,
Lu, Na, Yb, Hf, Th, Eu and Cr in the centre of the survey area. The geology
legend can be found in Figure 3.1.
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FIGURE 4.21: Spatial distribution of the PC 2 scores showing the relative
enrichment of Mo.
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FIGURE 4.22: Spatial distribution of the PC 3 scores showing the relative
enrichment of As and Sb with relevant assessment report locations.
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FIGURE 4.23: Spatial distribution of the PC 4 scores showing the relative
enrichment of Cs and relevant assessment report locations.
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FIGURE 4.24: Linear regression scatter plot of the PC 1 scores with elevation
showing a small R-squared value and lack of correlation.
this area is 666 metres and is generally considered to be gently rolling terrain.
Figures 4.36 and 4.37 show the sampling area’s slope and aspect in relation to
elevation.
4.2 Discussion
The chemical characteristics of 24 elements found in lodgepole pine outer
bark were examined for the purpose of locating economic Mo deposits.
Molybdenum is often a significant pathfinder element (relatively mobile
element occurring in close association with a commodity element) in plants
for Cu-Mo, Cu-Au-Mo, W-Mo and other Mo-bearing deposits (Dunn, 2007a).
Copper-Mo porphyries are often defined by Mo in vegetation better than Cu in
vegetation (Dunn, 2007a). This relationship may relate to the depth of
overburden and the resulting concentrations of Cu and Mo in various plant
tissues (Dunn, 2007a). Large Mo halos can be also found surrounding Mo
mining due to the dust of mining operations (Dunn, 2007a). Molybdenum
correlations with K can assist in detecting anomalies associated with K-rich
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FIGURE 4.25: Linear regression scatter plot of the PC 2 scores with elevation a
small R-squared value and the lack of correlation.
FIGURE 4.26: Linear regression scatter plot of the PC 3 scores with elevation a
small R-squared value and the lack of correlation.
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FIGURE 4.27: Linear regression scatter plot of the PC 4 scores with elevation a
small R-squared value and the lack of correlation.
FIGURE 4.28: Linear regression scatter plot of the PC 1 scores with slope
showing a small R-squared value and the lack of correlation.
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FIGURE 4.29: Linear regression scatter plot of the PC 1 scores with aspect
showing a small R-squared value and the lack of correlation.
FIGURE 4.30: Linear regression scatter plot of the PC 2 scores with slope
showing a small R-squared value and the lack of correlation.
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FIGURE 4.31: Linear regression scatter plot of the PC 2 scores with aspect
showing a small R-squared value and the lack of correlation.
FIGURE 4.32: Linear regression scatter plot of the PC 3 scores with slope
showing a small R-squared value and the lack of correlation.
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FIGURE 4.33: Linear regression scatter plot of the PC 3 aspect with slope
showing a small R-squared value and the lack of correlation.
FIGURE 4.34: Linear regression scatter plot of the PC 4 scores with slope
showing a small R-squared value and the lack of correlation.
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FIGURE 4.35: Linear regression scatter plot of the PC 1 scores with aspect
showing a small R-squared value and the lack of correlation.
rock versus anthropogenic effects, but this association was not prevalent within
the PCA results or the scatter plots (Figures 4.21 and Appendix B). Instead, a
relative association of Fe with Rare Earth Elements (REE) was found in PC 1.
The larger PC 1 scores correspond with the location of the Endako batholith,
PC 2 relative increase in Mo concentrations and PC 2 relative decrease in Co
contents. Antimony is a volatile element and correlations of Mo with Sb may
indicate the extent of mining dust surrounding a mine deposit (Dunn, 2007a),
but this association was also not prevalent within the PCA results (Figure
4.17). Background Mo levels in lodgepole pine outer bark are typically 5-10
ppm, median is 78 ppm and the 95 percentile is 717 ppm (Dunn, 2007a).
Anomalous Mo values, for this data set, begin at 1,500 ppm.
Arsenic, Mo and Sb each have an inflection point near the 90th percentile,
show a positive correlation at larger concentrations, and have outliers (see
Figures 4.1 and 4.8 as well as Table 4.1). This indicates there is a potential
source of Mo mineralization with Sb and As as possible pathfinder elements
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FIGURE 4.36: Molybdenum subset sampling area showing the slope in relation
to elevation.
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FIGURE 4.37: Molybdenum subset sampling area showing the aspect in relation
to elevation.
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for lodgepole pine bark in this area. Both As and Sb are volatile elements;
especially when exposed to the conditions present at the roaster located at the
Endako Mine site.
Calcium does not have inflection points but showed a slight increase (bump)
in the larger values in Figure 4.1. The near-normal distribution is possibly due
to the active uptake of Ca as a secondary nutrient and the bump at the larger
concentrations may be related to mineralization, similar to As, Mo and Sb.
Zinc does not have inflection points (see Figure 4.1). This is due to the
active uptake of zinc as a micronutrient. The variability of Zn in plants is
mainly associated with the health of the tree rather than changes in the
substrate (Dunn, 2007a). Common background levels in pine bark range from
30-50 ppm, whereas values greater than 100 ppm are considered to be
unusually large (Dunn, 2007a). The outer bark Zn concentration of a single
lodgepole pine, above mineralized tourmalinite, near the Kimberly (BC)
Sullivan Pb-Zn mine is 5,700 ppm (Dunn, 2000). The maximum Zn value in
this dataset is 4,100 ppm. Further investigations into Zn anomalies in this area
is advised.
The paired scatter plots reveal a number of correlations (Figures 4.7, 4.8
and 4.9). Figure 4.10 shows the 1997 and 1998 data as well as their histograms
in relation to the regionally mapped geology. The REE elements analysed (Ce,
Eu, La, Lu, Sm, Sc and Yb) were found to correlate with each other and with
Na, Fe, Hf, Cr and Th. This is called the ’Iron Factor’ in biogeochemical
studies (Dunn, 1995a). The ’Iron Factor’ is due to the discrete accumulations
of Fe as sulfides and oxides as well as with other elements in combinations
unique to plants and which may differ from the rock-forming minerals in
which the elements are derived. Calcium, Sr and Ba; As and Sb; as well as Sr,
K and Rb were also positively correlated. Positive correlations between Ca, Sr
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and Ba often indicate carbonates within the substrate and can be useful in
mapping underlying lithology (Dunn, 2007a). Europium and Cr exhibit
bimodal populations. The variable behaviour of Eu is typically due to the
oxidation state, 2+ or 3+, within the soil-plant system (Do Carmo Lima
E Cunha, Nardi, and Muller, 2012). Chromium can occur as Cr2+ or Cr6+
which causes it to exhibit variable behaviour dependent upon pH, oxidative
properties of the surrounding area and the soil’s microbial action (Shahid
et al., 2017).
Elevation, slope and aspect did not correlate with the first four PCs,
although research has found that elevation, slope and aspect contributes
significantly to pH as at higher elevations as a result of increased organic
matter and nitrogen content due to decreased decomposition rates (Griffiths,
Madritch, and Swanson, 2009; Zhang et al., 2016). Relief is not expected to
significantly influence the PC results, since the majority of the terrain is gently
rolling (Figure 1.1).
Regionally mapped surficial and bedrock geology may assist in the
interpretation of PCs. There was, however, a scarcity of regional survey
observation points located within 200 m of a lodgepole pine outer bark sample.
It is recommended that ARIS and MINFILE reports are used to verify the
interpretation of the PCs, rather than relying on the regionally mapped data.
4.3 Interpretation
The PC 1 vs PC 2 biplot (Figure 4.17) indicates that while Mo and Sb are
positively associated, As is not related in this component. Due to the lack of
relative enrichment of As in association with Mo and Sb in PC 2, the lack of
correlation between As-Mo and Sb-Mo (Figure 4.8), it is unlikely the Mo-Sb
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positive association is related to anthropogenic activities (Figure 4.21). Arsenic
and Sb are metalloids with similar chemical properties and plant studies have
shown that plant uptake for these elements are similar (Wei et al., 2011; King,
Curtin, and Shacklette, 1984). Arsenic, therefore, may be related to another
source of metallic mineralization, as indicated by its Q-Q plot (Figure 4.1), such
as Au, Cu or Pb. Prior to the development of Endako Mine, a biogeochemical
survey was conducted and reported extremely high concentrations of Mo in
the needles of subalpine fir (Warren, Delavault, and Routley, 1953). Another
study was conducted while the mine was in operation, 12 years later, which
reported similar enriched levels of Mo in subalpine fir and fireweed (Warren
and Delavault, 1965). These early studies are in accordance with the survey
data used in this study also suggest the enriched Mo contents in the environment
are unlikely to be due to mining activities. The remaining elements’ inflections
may represent differences in the underlying lithologies, soil characteristics and
plant health.
4.3.1 PC 1
Principal Component 1 shows Ce, La, Sm, Fe, Sc, Lu, Na, Yb, Hf, Th, Eu and
Cr relative enrichment is inversely associated with Zn, Ca, Sr, K, Br, Ba and Rb
(see Figure 4.20). The length of the line in biplots approximates the variances
of the variables where the longer lines indicate greater variances. The angle of
the line indicates association where an angle of 0 or 180 reflects an association
of 1 or -1 (respectively) and the closer the angle is to 90 or 270 degrees the
smaller the association (i.e., independent). This PC reflects the nature of the
soil within the sampled areas. It is unlikely that this association is related to
elevation. As shown by Grunsky and Smee (1999) using soil samples, their PC
1 scores were related to elevation. They showed no obvious association with
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the mapped geology and their positive PC 1 scores were associated with either
ridge lines and hill tops. As described in the following paragraphs, PC 1 shows a
relationship with regionally mapped granitic intrusives and locally mapped Ca-
associated elements and/or clays. Multi-element relationships, such as those
found in PC 1, would be difficult to discover without the use of multivariate
statistics.
Areas with relatively enriched Fe and increased REE contents often
indicate granitic rock types, although soils with alkaline pH and carbonate
concentrations can cause Fe deficiencies within plants (Dunn, 2007a). Soils
with larger Ca content, however, could indicate clay-rich soils (Hagen, 2015).
The large PC 1 scores tend to be located over the Endako Batholith and
mapped granitic intrusives such as the Skins Lake monzogranodiorite pluton in
the southwest corner (refer to Figure 3.1). Areas with large PC 1 scores within
the northeast and southwest of the study area, that are not underlain by
mapped granitic intrusives, may indicate un-mapped intrusive rocks. Areas
with low PC 1 scores may indicate relatively enriched Ca (clays) which would
also add to the understanding of the soil (unconsolidated mineral or organic
material on Earth’s surface) composition in these areas.
Often Hf, Na, Th and Sc are associated with Fe (Dunn, 2007a). Locally,
Au-rich areas, which are also enriched with Fe-associated elements, may also
be relatively enriched in Cr. All of the relatively enriched elements in PC 1 are
passively taken up by plants except Fe. Of the relatively depleted elements,
Ca, Zn, K and Mo are actively taken up into plants as nutrients. Sr and Ba,
which are also relatively depleted, are typically found in the presence Ca and
carbonates in vegetation (Dunn, 2007a). Lodgepole pine is also known to be a
"high barrier species" (actively or physically inhibits uptake) with respect to
Ba (King, Curtin, and Shacklette, 1984). Rubidium concentrations in plants
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are also often linked to carbonates, whereas K enrichment can be related to
bedrock alteration (Dunn, 2007a). Potassium enrichment especially occurs in
areas where K-feldspar has been degraded from weathering or
K-metasomatism (Dunn, 2007a). Principal Component 1 may therefore
represent the complex relationship between soil composition (granite and Ca
with clays), element associations (Fe-associated elements compared with
Ca-associated elements), pH and plant element uptake (passive and active)
(see Table 4.3). The results of PC 1 may therefore imply that biogeochemical
studies are useful in differentiating underlying granitic rocks and Ca-rich
(clay) substrates. This dataset would not, however, not be useful in mapping
regional lithology in this area since there are number of factors to consider
regarding sample spacing, possible glacial shift effects and the complex
interaction between plants and the substrate: plant type and age, soil acidity
and hydrogeology, organic matter content within surrounding soils, the
presence of other elements, root morphology, substrate physical
characteristics, the presence of fungi and bacteria. Future research should
focus on incorporating these factors into the survey to assist in the
interpretation of the element associations found in biogeochemical surveys.
For example, Kirkwood et al. (2016) used regional stream sediment
geochemical data to enhance the geology of southwest England by
re-classifying bedrock geology maps into geological domains, excluding
elements that are associated with hydrothermal mobility, using PCA to
determine geochemical differences and interpolating the data to visualize
geochemical contrasts.
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TABLE 4.3: Summary interpretation of Mo data for PC 1 with respect to
association and inverse associations, elements, relative composition, associated
elements, pH and uptake mechanism.
PC value Elements Comp. Assoc. pH Uptake
+ Fe, REE granitic Hf, Na, Th low Passive
- Ca, Sr, Ba Ca (clay) Rb high Active: Ca, etc.
4.3.2 PC 2
Principal Component 2 shows that Mo relative enrichment is inversely
associated with Co in Figure 4.21. This PC reflects Mo mineralization for this
area. The maximum Mo concentration in this dataset is 15,000 ppm (Table
4.1). This large Mo sample was collected in the centre of the PC 2 map and is
within the Endako Mine site. Small Co values also occur at the Endako Mine.
Cobalt is readily taken up by plants but has low mobility, within the plant,
when compared to Mo (Haque et al., 2008). Cobalt enrichment in rocks and
soils is typically interpreted in association with ultramafic and mafic rocks
(Goldschmidt (1958), as cited inPohl (2011)). This explanation, however, does
not correspond with the Skins Lake pluton which is of intermediate
composition and is located in the furthest southwest corner of the study area
where the largest PC 2 scores (blue) are located. Another explanation could be
that the relative decrease in Mo and enrichment of Co is related to an
associated vein system similar to Giant porphyry Mo (low F-type) mine near
Rossland, BC (Coughlan, 1991). The Giant Mine, consists of mineralized
veins containing pyrrhotite with determinable amounts of Co and Ni while the
main breccia complex holds the Mo-Au mineralization. A similar relationship,
although maybe not as economical, may be present within this area. The
smallest PC 2 scores (red) in Figure 4.21 are therefore linked to Mo
mineralization. Greater contrasts in relative enrichment of Mo in the PC 2 map
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(see Figure 4.21), compared to the clr Mo map (see Figure 4.2), are visible in
the northwest, northeast and southern portions of the study area. Three smaller
PC scores (the most extreme west and south orange circles in Figure 4.21)
indicate possible Mo mineralization, whereas the clr Mo does not show
enough contrast to highlight these samples.
When PC 1 and PC 2 are compared (Figures 4.20 and 4.21), the
north-central portion of the study area consists of large PC 1 and small PC 2
scores. This relationship may indicate that Mo mineralization is related to the
relative enrichment of Fe-REE-associated elements and inversely associated
with Ca-clay-associated elements. This pattern is also consistent with the
extensive Endako batholith that dominates this area (Figure 3.1). This type of
association in lodgepole pine rhytidome may indicate Mo mineralization,
similar to the Endako Mine deposit, and is consistent with findings that REE
signatures in lodgepole pine rhytidome corresponded with
chondrite-normalized REE patterns in various granitic phases, some of which
are associated with Mo mineralization (Dunn, 2007a). The three Mo
MINFILE points north of Endako Mine are inferred as epigenetic
hydrothermal showings. This is consistent with the small PC 2 and PC 1
scores. This association of relative enrichment in Fe-associated elements with
relatively depleted Ca-associated elements may indicate a different type of
mineralization, such as Cu ±Mo ± Au porphyry or low sulfidation epithermal
deposits which are also found within the Nechako Plateau.
The use of PCA to successfully identify Mo mineralization using PC 2, in
relation to the host rock (Endako Batholith) using PC 1, implies that PCA is a
valid method to assist in the interpretation of biogeochemical samples. Further
studies are warranted regarding the Mo relative enrichment of the north-central
portion of the study area as the sampling is sparse and there are no MINFILE
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reports in this area. Additionally, the relationship between the relative increase
in Mo content and decrease in Co concentrations should be researched for
implications in mapping low F-type porphyry deposits.
4.3.3 PC 3
Principal Component 3 depicts the relative enrichment of As and Sb (see
Figure 4.22). Their inflection points in the Q-Q plots showed inflection points
near the 90th percentile indicating possible mineralization. Arsenic and Sb are
volatile elements whose concentrations in the environment may be influenced
by anthropogenic activities, but they are also pathfinder elements for metallic
mineralization such as Au, Cu, Pb and Zn. Anthropogenic activities causing
increases in As and Sb concentrations can typically be traced along a gradient
plume from the source of the pollution (Fu et al., 2016). Figure 4.22 shows
smaller scores (blue and green circles) at the Endako Mine site and proceeding
north to the two PC 3 anomalies (red circles). The third PC 3 anomaly is to the
northwest of the mine site and is located along a sample transect of low PC 3
scores. It is unlikely that the PC 3 anomalies are related to a pollution plume
from the Endako Mine since the signatures at the mine site are inverse of the
PC 3 anomalies, i.e., there is no As-Sb concentration plume that is inversely
proportional to distance, and the PC 3 anomalous samples are in proximity to
samples with low PC 3 scores. In addition, the As-Sb association in PC 3 isn’t
as prevalent in the clr values displayed for As and Sb in Figures 4.4 and 4.5;
especially in the southwestern portion of the project area. The ARIS reports
closest to the three highest scores indicate granitic rocks and Ag-Cu, Cu-Mo
and Zn-Pb mineralization. These areas, while relatively enriched in As and Sb
also returned significant ICP-ES values of Cu (233 ppm) and Pb (674 ppm)
(Dunn and Hastings, 1998) when compared to known values in conifer tissues
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growing on the Mt. Polley deposit (30 ppm Cu) and the Sullivan Pb-Zn mine
(400 ppm Pb) (Dunn, 1995a; Dunn, 1995b). Zinc values that may by related to
mineralization would be difficult to interpret in this situation as Zn in plants is
mainly associated with the health of the tree rather than changes in the
substrate (Dunn, 2007a).
When PC 1, PC 2 and PC 3 are compared (Figures 4.20, 4.21 and 4.22),
the centre PC 3 anomaly is associated with a small PC 1 score (Ca-clay) and
a small PC 2 score (Mo mineralization). This relationship concurs with the
Joe Claims’ assessment report which described large areas of argillization and
with the northern Tatin Lake showing of Mo-Cu mineralization (Ball, Dunn,
and Cribbs, 1963; Flower, 2009). The western PC 3 anomaly coincides with
a large PC 1 score (granitic) and large PC 2 score, whereas the eastern PC 3
anomaly is coincident with a large PC 1 score (granitic) and small PC 2 score
(Mo mineralization). Both areas returned large Cu and Pb ICP-MS results but
there are no MINFILE or ARIS reports that are in close proximity to these PC
3 anomalies in which to compare the findings. The differences in PC 1 and 3
scores may relate to different styles of Cu-Pb mineralization in association with
relative enrichment of As and Sb such as VMS deposits.
The PCA results that identify As and Sb relative enrichments imply a
method for discovering different styles of mineralization, when taken in the
context of locally known mineralization. Further research should be conducted
regarding the As and Sb relative enrichment of the three anomalous PC 3
scores as there are a limited number of MINFILE and ARIS reports in close
proximity to these sites. Additionally, the relationship between As and Sb
relative enrichment and the PC 1 results should be investigated for
implications in mapping different styles of mineralization.
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4.3.4 PC 4
Principal Component 4 shows a localized relatively enriched Cs area south of
the Endako Mine (Figure 4.23) similar to the spatial distribution of Cs clr values
(Figure 4.6). The PC 4 scores, however, show greater contrast than the Cs clr
values and identify a number of relatively enriched areas immediately south of
the Endako Mine near the northern shore of Francois Lake as well as a cluster of
low scores (red circles) south, and singular anomalies to the southwest. The Q-
Q plot for this element showed a gentler 90th inflection when compared to Mo,
As and Sb (Figure 4.1) and may indicate a relationship with mineralization.
Caesium in geochemical processes is typically linked to Rb and K, although
in biogeochemistry the association with K is usually weak or absent (Dunn,
2007a). When Cs is associated with some types of mineralization, the Cs/Rb
relationship can become relatively weak (Dunn, 2007a). For example, in the
PC 1 biplot (Figure 4.17) the angle between Cs and Rb is narrow indicating a
close association, whereas in the PC 4 biplot (Figure 4.19) the angle between
Cs and Rb is wider. This difference in relative associations may represent the
difference between the lithology in PC 1 (stronger Cs-Rb association) and the
mineralization in PC 4 (weaker Cs-Rb association). Local assessment reports
from the Bingo, Borel and Alco Claims have also indicated mineralization in the
areas with anomalous PC 4 scores (red circles in Figure 4.23) (Selmeer, 1965;
Kennedy, 2012; Kennedy, 2013). High contrast in Hg, Ag and Cs values at the
Borel and Alco Claims were identified and the Alco Claim returned anomalous
Ag and Au values in rock samples.
The use of PCA to potentially identify Cs relative enrichment imply a
method for discovering different styles of mineralization, when taken in the
context of its relationship with Rb and the local element abundances such as
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Au, Ag and Hg. Further research is suggested regarding Cs relative
enrichment of the PC 4 scores immediately south of the Endako Mine, the
cluster of low scores (red circles) in the south-central study area, and the
singular anomalies to the southwest.
4.4 Summary and Conclusions
Multivariate statistical analysis was applied to a suite of 485 biogeochemical
samples collected from lodgepole pine outer bark in the southern Nechako
Plateau of British Columbia, Canada. The samples were analysed via
Instrumental Neutron Activation Analysis (INAA) for 28 elements and
investigated for their element associations. Twenty-four elements were chosen,
based on Exploratory Data Analysis, for further statistical procedures in the
form of multivariate analysis (MVA). During MVA, the data were treated as
compositions using the logratio approach.
Principal Component Analysis identified a number of distinct element
associations, particularly with Mo. The first PC shows a complex relationship
between plant element uptake and soil composition and texture. Large PC 1
scores corresponded with large PC 2 scores to reveal relative Mo enrichment
associates with granitic soils which may be an indicator of Mo mineralization
for this area: large PC 1 scores occurred over areas mapped as granitic rocks,
whereas small PC 1 scores were found to be associated with a local assessment
report describing large 2 foot areas of argillization. Ground-truthing is
suggested for further validation of the PC 1 interpretation. The results of PCA
2 have indicated that Mo and Co levels in lodgepole pine outer bark may
characterize underlying Mo mineralization within the study area and provided
greater contrast for narrowing down areas to follow-up than the Mo clr values.
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The results also showed that PC 2 scores are unlikely to be associated with
mining activities, whereas it is uncertain if the Mo clr values are influenced by
the local mining activities. Principal Components 2, 3 and 4 were associated
with known Mo mineralization (PC 2), enriched Cu-Pb contents associated
with As-Sb (PC 3) and high contrast Ag, Hg and Cs concentrations associated
with Ag and Au mineralization (PC 4). Further research is suggested in the
anomalous areas not associated with ARIS reports, such as the east and west
PC 3 anomalies and the southwestern PC 4 anomalies. The results of this
research implies that PCA is an effective multivariate tool for revealing
element associations related to geology and mineralization.
The results of this thesis shows the complexity of interpreting
biogeochemical samples due to influences based on the bioavailability of
elements under different soil conditions. The application of multivariate
techniques on lodgepole pine outer bark samples also shows that Mo
concentrations in lodgepole pine outer bark may be an indicator of Mo
mineralization for the southern Nechako Plateau. The association between Mo
and Co may reveal multiple types of mineralization that is commonly found in
this area such as Cu ± Mo ± Au porphyry or low sulfidation epithermal
deposits.
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5 GOLD DATASET: STATISTICAL PROCESSING AND THE
INTERPRETATION OF BIOGEOCHEMICAL DATA
Chapter 4 has shown that large PC 1 scores coincided with mapped granitic
rocks, whereas small PC 1 scores were associated with clays. Principal
Components 2, 3 and 4, in Chapter 4, were associated with known Mo
mineralization (PC 2), enriched Cu-Pb contents occurred with As-Sb
associations (PC 3) and high contrast Ag, Hg and Cs concentrations were
related to Ag and Au mineralization (PC 4-Cs). This chapter describes the
results of Au dataset, then discusses the results.
5.1 Results
Exploratory data analysis (see Appendix B) revealed that 17 of the 30 elements
analysed by INAA have values that are below the detection limit value. Of the
17 elements with below DL values, five elements have below DL values up to
10% of their population, eight are greater than 40% of their population and five
elements are greater than 50%. The five elements, Ag, Nd, Ta, Tb and U, with
greater than 50% of their population below the detection limit are not included
in this study. Due to the small sample size (51 samples), some elements with
populations greater than 10% with below DL values and Eu having multiple
DL values, the robust ilr-EM algorithm for below DL data were used for the
remaining censored data. The percent of samples with below detection limit
values is shown in Table 4.12. The list of censored elements with imputed
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values included: Au, Ce, Cr, Cs, Eu, Hf, Mo, Rb, Sr and Th. The final list of
elements for further statistical analysis consisted of 25 elements: As, Au, Ba,
Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Lu, Mo, Na, Rb, Sb, Sc, Sm, Sr, Th,
Yb and Zn.
5.1.1 Exploratory Data Analysis
Raw data analysis included: frequency-concentration histogram, Tukey
Boxplot, empirical cumulative distribution function (ECDF), percent
cumulative (normal) probability (CPP) plot and density plot (see Appendix B).
Table 5.1 includes the maximum, background, anomalous and outlier breaks in
data. Examination of these breaks indicates that all of the chosen elements
have outlier and/or anomalous values except Zn and K. The background values
are, at minimum, double the detection limit except for Au which is at the
detection limit indicating that the precision of the analysis used is adequate.
The full QA-QC report is located in Appendix A.
Figure 5.1 displays the Quantile-Quantile (Q-Q) plots for 25 elements. All
elements, except K, Sr and Zn, show pronounced inflection points in the curves.
The inflection points indicate that there are at least two populations. Gold has
an abundance of near DL samples, extreme outliers, and an inflection point
close to the 90th percentile (see red arrow in 5.1). Larger Q-Q plots are located
within Appendix B.
Figures 5.2, 5.3 and 5.4 show the centred log-ratio (clr) values for Au, As
and K underlain by shaded relief of the terrain. Jenks (natural breaks)
classification method shows the natural groupings of a feature based on its
histogram and is appropriate for visualizing sample element values in relation
to other sample values of the same element. Percentile classification, however,
groups values based on an percentage of the data that is less than a chosen
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TABLE 5.1: Summary data of the raw values for 25 elements. All of the chosen
elements have outliers and/or anomalous values except K and Zn. Unit refers
to a unit of solute per unit of solution (or concentration) where ppm is parts per
million, ppb is parts per billion and pct is percent. DL is the abbreviation for
Detection Limit.
Element (unit) % < DL Background Anomalous Outlier Maximum
As (ppm) 14 5 15 28 28
Au (ppb) 0 5 13 100 733
Ba (ppm) 0 500 N/A 2400 2400
Br (ppm) 0 20 60 80 84
Ca (pct) 0 30 N/A <10 40.1
Ce (ppm) 12 10 20 35 65
Co (ppm) 0 4 11 16 16
Cr (ppm) 2 10 30 60 76
Cs (ppm) 14 1.75 4 6 7.9
Eu (ppm) 0 0.2 N/A 1.0 1.74
Fe (pct) 0 0.50 1.50 2.50 4.39
Hf (ppm) 41 0.7 3.25 6.3 6.3
K (pct) 0 3.91 N/A N/A 8.22
La (ppm) 0 5 10 20 33
Lu (ppm) 37 0.07 0.2 0.4 0.61
Mo (ppm) 41 3 8 N/A 11
Na (ppm) 0 4000 7500 10000 22200
Rb (ppm) 4 65 150 300 300
Sb (ppm) 0 1 2.75 4.1 4.1
Sc (ppm) 0 2.0 5.0 10.0 14.0
Sm (ppm) 0 1.5 1.75 4.0 5.9
Sr (ppm) 8 1100 2000 N/A 2000
Th (ppm) 8 0.5 1.75 2.75 4.3
Yb (ppm) 8 0.4 1.25 2.5 3.57
Zn (ppm) 0 1800 N/A N/A 4300
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FIGURE 5.1: Quantile-Quantile Plots for the final list of elements. All the
elements, except K, Sr and Zn, show pronounced inflection points in the curves
indicating that there are at least two populations. Gold has a large number of near
DL samples, extreme outliers, and an inflection point (red arrow) near the 90th
percentile indicating there is potential for gold mineralization within this area.
Theoretical quantiles based on a normal distribution are along the x-axis while
sample quantiles are the y-axis.
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value and would be more appropriate for raw data classification, if individual
values were the information of interest. The samples for this area are not as
well distributed as the Mo dataset. The spatial pattern of Au reveals larger
values occur along the western border of the sampling area. This cluster of
outlier Au values, and larger As values, indicate a gold occurrence within this
area (Dunn and Levson, 2010). The overall ice-direction for this area trends to
the northeast (Giles and Levson, 1995). The largest Au concentrations along
the western border of the sampling area are in proximity to regionally mapped
faults as well as Jurassic undivided volcanic rocks (see Figure 3.2). The
distribution pattern of As also shows greater concentrations occur along the
western border of the sampling area with highs located in the centre of the
survey area. The centre of the sampling area consists of thick Quaternary
cover (see Figure 3.2). Potassium highs occur in the southwest, central and
eastern portions of the sampling area. The southwest corner of the sampling
area, where K highs occur, is underlain by intermediate volcanic rocks,
whereas the central portion of this area is covered with thick Quaternary cover.
Figures 5.5, 5.6 and 5.7 show the centred log-ratio (clr) transformed value
scatter plots for Au, As and Sb; Ca, Sr, Ba, Rb, K and Zn; as well as Eu, Co
and Sb. The Au-As-Sb scatter plot (Figure 5.5) shows a positive correlation
between Au and As. The Ca-Sr-Ba-Rb-K-Zn scatter plot (Figure 5.6) shows a
positive correlations between all the elements. Figure 5.6 also shows the
outliers at the lowest clr values of Ca and K which occurred with all element
pairings. The paired scatter plot graphs for all the 25 chosen elements are
located in Appendix B: the REE elements analysed (La, Ce, Sm, Eu, Yb, Lu ±
Sc) correlate with each other and with Na, Fe, Hf, Cr and Th. Bivariate scatter
plots of closed (raw) data may be misleading: the observed trace element
association may appear to represent the area but the patterns are an artifact of
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FIGURE 5.2: Centered log-ratio transformed Au shows enrichment of Au in
the southwest of the study area. The overall ice direction trends to the northeast.
ARIS abbreviation is Assessment Report Index System and indicates the location
of BC mineral claim assessment reports for claims like Jay (ARIS number
33245).
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FIGURE 5.3: Centered log-ratio transformed As shows enrichment in the central-
west study area.
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FIGURE 5.4: Centered log-ratio transformed K shows enrichment in the west,
central and eastern parts of study area.
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closure and do not represent stoichiometric control of element distributions.
5.1.2 Principal Component Analysis
Principal Component Analysis (PCA) is used to identify the multivariate
statistical patterns of the 25 chosen elements. Figure 5.8 displays the
importance of the components for all the elements in relation to their
eigenvalue. The first four components account for 75.91% of the cumulative
variance. The eigenvalues of the first five PCs are greater than one (K1 Rule):
11.75, 2.27, 1.88, 1.53 and 1.17.
Figures 5.9, 5.10, 5.11 and 5.12 display the component loadings for the
first four principal components and Figures 5.13 and 5.14 show the biplots for
PC 1 versus PC 2 and PC 1 versus PC 3. Principal Component 1 (48% of the
total variation) shows Sc, La, Sm, Fe, Na, Ce, Lu, Yb, Hf, Cr and Th relative
enrichment has an inverse association with Zn, Ca, Br, K and Sr. Principal
Component 2 accounts for 9.3% of the variation and has significant loadings
for Au and As. The length of the line for Au in the PC 2 biplot shows that gold
accounts for the majority of the variance in PC 2. The small angle of the lines
between Au and As indicates that these elements are strongly associated.
Barium, Co, Eu, Hf and Mo produced loadings greater than or equal to 0.4 in
more than one component. Since over-determination can affect loading
stability ((MacCallum et al., 1999), these elements are not discussed (see the
High Dimension, Low Sample Size Section Results and Discussion sections
located in this chapter). Principal Component 3 has large loadings for Co, Sb
and Eu, but since there is a possibility that Co and Eu are over-determined, this
component is not discussed (see High Dimension, Low Sample Size Section
located in this chapter). In addition, there was no negative correlation between
Eu-Co or Eu-Sb in the paired scatter plots (Figure 5.7) indicating that PC 3 is
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FIGURE 5.5: Scatter plots of clr transformed values for gold (Au), arsenic (As)
and antimony (Sb) show that there is a weak positive correlation between Au
and As. Observed positive and negative correlations of bivariate scatter plots of
closed (raw) data may be misleading in compositional data since these patterns
are an artifact of closure and do not represent the stoichiometric control of
element distributions.
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FIGURE 5.6: Scatter plots of clr transformed values for calcium (Ca), strontium
(Sr), barium (Ba), potassium (K), rubidium (Rb) and zinc (Zn) show that there
are positive correlations between Ca, Sr, Ba, K, Rb and Zn.
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FIGURE 5.7: Scatter plots of clr transformed values for europium (Eu), cobalt
(Co) and antimony (Sb) demonstrates the lack of a negative correlation between
Eu-Co and Eu-Sb.
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FIGURE 5.8: Ordered components showing eigenvalues along the left y-axis
and cumulative percent of variance along the right y-axis. The dashed line is the
cumulative percent, whereas the solid line is the eigenvalues. Inflection at the
fifth PC indicates that the first four PCs explain the majority of the variance.
likely due to noise. Principal Component 4 returned loadings less than 0.6 for
all the elements. These components are also not discussed (see High
Dimension, Low Sample Size Section located in this chapter).
Figures 5.15 and 5.16 display the PC 1 and PC 2 scores. The first PC shows
northeast relative enrichment of Sc, La, Sm, Fe, Na, Ce, Lu, Yb, Hf, Cr and Th,
inversely associated with Zn, Ca, Br, K, and Sr, trending to the inverse in the
northwest. PC 2 displays Au and As relative enrichment in the southwest and
northeast of the survey area.
Linear regression of PC 1 with elevation extracted from Natural Resources
Canada Geospatial Data Extraction Digital Elevation Model (DEM) resulted in
a small R-squared values (<0.12) for the first two PCs indicating that the PCs
were not correlated with elevation (Figures 5.17 and 5.18). PC linear regression
with slope and aspect also resulted in small R-squared values (<0.06) which
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FIGURE 5.9: Loadings for PC 1 showing element associations. Principal
Component 1 is 48% of the total variance.
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FIGURE 5.10: Loadings for PC 2 showing element associations. Principal
Component 2 has a significant loading for Au and accounts for 9.3% of the total
variance.
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FIGURE 5.11: Loadings for PC 3 showing element associations. Principal
Component 3 is 7.7% of the total variance and has significant loadings for Co,
Sb and Eu. Cobalt and Eu, respectively, have absolute loadings greater than or
equal to 0.4 in PC 2 and 1, indicating over-determination and the instability of
this PC. In addition, there was no correlation between Eu-Co or Eu-Sb in the
paired scatter plots of clr transformed values. PC 3 is therefore not included in
the interpretation.
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FIGURE 5.12: Loadings for PC 4 showing element associations. Principal
Component 4 accounts for 6.3% of the total variation but does not have
significant absolute loadings (> 0.6).
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FIGURE 5.13: Biplot of first two PCs showing element associations. Gold and
As show a positive association in this component. The black numbers within the
plot represent individual samples in series, whereas the red letters represent the
elements.
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FIGURE 5.14: Biplot of first and third PCs showing element associations. Cobalt
and Sb are associated with an inverse association with Eu.
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FIGURE 5.15: Spatial distribution of the PC 1 scores underlain by shaded relief
of the terrain. PC 1 represents the relative enrichment of Sc, La, Sm, Fe, Na, Ce,
Lu, Yb, Hf, Cr and Th.
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FIGURE 5.16: Spatial distribution of the PC 2 scores showing the relative
enrichment of Au and As.
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FIGURE 5.17: Linear regression scatter plot of the PC 1 scores with elevation
showing a small R-squared value and lack of correlation.
shows that the first two PCs were not correlated with slope or aspect (Figures
5.19, 5.20, 5.21 and 5.22). The relief in this area is 784 metres and is generally
considered to be gently rolling terrain. Figures 5.23 and 5.24 show the sampling
area’s slope and aspect in relation to elevation.
5.1.3 High Dimensional, Low Sample Size Data Results
The reliability of the gold dataset is examined as a high dimensional, low
sample size dataset. This dataset contains 51 samples and, after EDA, 25
elements (variables) and 51 samples were retained. The resulting
sample-to-variable ratio (nc/p) is 2.04. Principal Component Analysis, using
the methodology described in Chapter 3, revealed a small number of expected
components using the K1 method (5) (see Table 5.2), scree plot (5) (see Figure
5.8) and the log-eigenvalue (LEV) plot (2) (Figure 5.25).
Examining the sum-of-squares of the loading results of the PCA conducted
on the 25 variables assists in determining which variables should not be
included in the interpretation. The decision to not include variables in an
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FIGURE 5.18: Linear regression scatter plot of the PC 2 scores with elevation a
small R-squared value and the lack of correlation.
FIGURE 5.19: Linear regression scatter plot of the PC 1 scores with slope
showing a small R-squared value and the lack of correlation.
Chapter 5. Gold Dataset: Statistical Processing and the Interpretation of
Biogeochemical Data
156
FIGURE 5.20: Linear regression scatter plot of the PC 1 scores with aspect
showing a small R-squared value and the lack of correlation.
FIGURE 5.21: Linear regression scatter plot of the PC 2 scores with slope
showing a small R-squared value and the lack of correlation.
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FIGURE 5.22: Linear regression scatter plot of the PC 2 scores with aspect
showing a small R-squared value and the lack of correlation.
FIGURE 5.23: Gold subset sampling area showing the slope in relation to
elevation.
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FIGURE 5.24: Gold subset sampling area showing the aspect in relation to
elevation.
TABLE 5.2: PCA eigenvalue results using 25 variables revealed a small number
of expected components (six PCs with eigenvalues > 1).
PC Eigenvalue
1 11.75
2 2.27
3 1.88
4 1.54
5 1.17
6 1.02
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FIGURE 5.25: Log-eigenvalue (LEV) plot, where eigenvalues associated with
noisy eigenvectors will decay linearly, shows the first two components should be
retained.
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interpretation is based on their lack of accounted variance (small
communality) and small absolute loadings (correlation coefficients between
variables and components). The sum-of-squares are less than 1 indicating that
there is likely no over-determination. Five variables with small absolute
loadings (< 0.6) across the first five components are: Ba, Mo and Rb (see
Table 5.3). Barium, Co, Eu, Hf and Mo also have loadings greater than or
equal to 0.4 in more than one component. Barium, Co and Eu all had values
assayed above their detection limits, however, Hf and Mo have 41% of their
values imputed by ilr-EM algorithm. It is not expected that the imputed values
would unnaturally influence the PCA results since their values are based on the
compositional nature of the sample and maintains the basic relative
relationship structure of the data.
The KMO Test is a measure of how suited the data are for FA, although a
number of researchers have used this test for PCA (Sorsa et al., 2015; Drouin,
2012; Ameh, Imasuen, and Imeokparia, 2014). The KMO test uses the
correlation matrix as part of its calculation. For compositional data it is
recommended that log-ratios are used to calculate correlation coefficients
(Filzmoser, Hron, and Reimann, 2010). Ideally, this test is used for FA with
the same log-ratio transformed data, although ilr transformation is
recommended by Filzmoser, Hron, and Reimann (2010) when using
correlation matrices. Due to the complexity of the equation, the need to adapt
the formula to log-ratios and that FA was not conducted the KMO test was not
used in this study and is recommended in future studies.
Verification of the PCA is described in the next section where PC 1 for
gold dataset returned similar element patterns to PC 1 of the molybdenum
dataset. The gold dataset’s PC 2 also revealed gold in association with the
known mineral occurrences published with MINFILE and ARIS data.
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TABLE 5.3: Loadings and sum-of-squares of the loadings for PCA using 25
variables show three variables with small absolute loadings (< 0.6) across the
first five components: Ba, Mo and Rb. Alternatively, Ba, Co, Eu, Hf and Mo
have absolute loadings greater than or equal to 0.4 in more than one component.
The sum-of-squares are greater than 0.5 and less than 1.0 across the first five
components.
Variable PC 1 PC 2 PC 3 PC 4 PC 5 Sum-of-Squares
As -0.09 0.69 -0.08 -0.40 0.24 0.71
Au -0.33 0.63 0.17 -0.35 -0.16 0.69
Ba -0.51 -0.51 -0.05 -0.37 -0.30 0.75
Br -0.76 -0.26 0.40 0.00 0.08 0.82
Ca -0.88 -0.15 0.10 -0.22 0.11 0.86
Ce 0.84 0.07 0.03 0.07 0.10 0.72
Co -0.12 -0.39 0.68 -0.12 0.17 0.67
Cr 0.63 -0.12 -0.14 -0.15 -0.27 0.52
Cs -0.49 0.10 0.04 0.56 -0.43 0.75
Eu 0.47 -0.19 -0.65 -0.26 0.14 0.76
Fe 0.90 0.00 0.28 0.05 -0.04 0.90
Hf 0.63 -0.40 0.03 -0.20 0.173 0.63
K -0.73 0.33 0.18 0.03 0.17 0.71
La 0.93 0.03 0.13 0.01 -0.01 0.89
Lu 0.77 -0.31 0.29 0.05 0.07 0.79
Mo -0.50 -0.39 -0.11 0.35 0.40 0.69
Na 0.88 0.14 0.13 -0.13 0.04 0.84
Rb -0.49 0.34 0.04 0.34 -0.36 0.60
Sb 0.03 0.28 0.61 0.38 0.35 0.72
Sc 0.94 -0.05 0.23 0.03 0.00 0.94
Sm 0.91 0.09 0.25 0.15 -0.01 0.92
Sr -0.70 -0.20 0.01 -0.33 0.21 0.68
Th 0.60 -0.04 -0.04 -0.19 -0.36 0.53
Yb 0.76 0.16 0.00 -0.19 0.11 0.66
Zn -0.91 -0.07 0.15 0.00 -0.04 0.86
Total 18.61
% Var. 76
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Similar to the Mo dataset area, there were few regional survey observation
points (bedrock and quaternary geology) located within 200 m of a lodgepole
pine outer bark sample. The interpretation of the PCs should use local ARIS
and MINFILE reports rather than the regionally mapped data.
5.2 Discussion
The chemical characteristics of 25 elements found in lodgepole pine outer
bark were examined for the purpose of locating economic gold deposits. Gold,
in particular, should be carefully evaluated for nugget effect point anomalies
and substantiated with pathfinder elements (As, Sb, Hg, Bi, etc.) (Dunn,
2007a). Background gold levels in lodgepole pine outer bark are typically 1
ppb Au or lower (Dunn, 2007a). Anomalous Au values, for this dataset, begin
at 13 ppb Au with the maximum gold values at 733 ppb. Gold has an inflection
point close to the 90th percentile, extreme outliers and a number of samples
with near DL values (see Figure 5.1). The presence of extreme outliers, an
abundance of observations near the detection limit and inflection points close
to the 90th percentile indicate elements that may characterize primary zones of
alteration and mineralization (Grunsky and Smee, 1999). This indicates there
is a potential source of Au mineralization in this area. Calcium, K and Zn do
not have pronounced inflection points, anomalous values or outliers. This is
due to the active uptake of these elements as micronutrients. The remaining
elements’ inflections represent the interaction between the underlying
lithologies and substrate chemistry. Elements of interest from PC 2 that assist
in delineating potential gold occurrences include As.
Regional arsenic patterns assist in delineating zones of Au mineralization
rather than absolute arsenic concentrations, although arsenic should be
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carefully evaluated and distribution patterns assessed with respect to
geological context (Dunn, 2007a). The small angle between Au and As of the
biplot (Figure 5.13) shows that Au is strongly associated with As. Zones of
increased Sb concentrations, however, will occur over or near Au-As-Sb
mineralization where there is commonly a clear but subtle relationship of Sb in
plant tissues to the zone of mineralization (Viladevall, 1993).
Calcium zoning can indicate changes in lithology (from granite to
carbonate-rich) (Dunn, 2007a). Generally soil with high pH and carbonate
concentrations are also more prone to cause Fe deficiency. Higher Fe
concentrations indicate ultramafic to mafic rocks and can be used to assist map
concealed bedrock (Dunn, 1995a). Dunn (1995a) also has shown that Fe can
be used for it’s associations with other elements in the form of the ’Iron
Factor’. This Factor includes some or all multi-element associations (PCA)
with Al, Fe, Hf, Na, REE, Sc, Ti and sometimes Co, Cs, Ni, Pb, Th and U.
Locally Au-rich areas that are associated with Fe Factor include As, Sb, and
Cr.
Potassium trends in plants can be influenced by alteration of the bedrock.
This occurs where K-feldspar has been degraded due to weathering or
K-metasomatism (Dunn, 2007a). This metasomatism is often linked to
metalliferous porphyry environments (Dunn, 2007b).
Rare Earth Elements (REE) typically have strong correlations with Fe
using PCA. Primitive plants, such as lodgepole pine, will often accumulate
more REE. Lanthanum tends to have similar concentrations for Ce with less
Eu, Yb and Lu in accordance with crustal REE abundances. REE signatures
may be useful in mapping phases in mineralized and non-mineralized
concealed granites (Dunn, 2007a). The maximum values in this dataset are 20
ppm La, 65 ppm Ce and 1.74 ppm Eu.
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Caesium has a strong affinity to K and Rb in most geochemical processes
but in plants the K association is weak (Dunn, 2007a). There can also be weak
correlation of Cs with Au. Background Cs values are typically a few ppm but
can reach up to 3600 ppm in jack pine near Ta-Li-Cs deposits (Coker et al.,
1993).
Europium and Th concentrations may be related to lithology. Due to the 2+
oxidation state of Eu during magmatic crystallization, Eu will be preferentially
distributed into plagioclase causing increased Eu values in plagioclase-rich
rock, whereas the plagioclase-poor rock has lower Eu values (Chase,
Winchester, and Coryell, 1963). Larger Th contents tend to be found in gabbro
to quartz-monzonite and felsic rocks, whereas lower thorium values are found
in muscovite-quartz monzonite and mafic rocks (Larsen and Gottfried, 1960).
Cerium, however, may be related to soil pH. Cerium, in its hydroxide form is
found in carbonates and phosphates and has a high selective adsorption for
negative ions thus removing it from solution (Das, 2012) and reducing its
bioavailability. Thorium (4+) has a geochemical affinity with U4+ in
magmatice systems but distinctly different biogeochemical distribution
patterns. The biogeochemical distribution patterns are likely influenced by Th
and U different weathering chemistry: Th is mobile as insoluble Th (4+) but
U4+ oxidizes to the highly soluble and mobile U6+ which can be taken-up by
plants. Modest increases in Th have been noted over and around mineral
deposits: PGE deposit = 0.5 ppm, Old Nick = 0.55 ppm, Jasper Au Mine = 3.6
ppm, North Mara = 0.14 ppm (Dunn, 2007a).
The variability of Zn in plants is mainly due to the health of the tree rather
than changes in the substrate (Dunn, 2007a). Common background levels of
Zn in pine bark range from 30-50 ppm, whereas values in the range of 1,000
ppm Zn are known to be associated with Zn mineralization (Dunn, 2000).
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Substantial variability and an association with Cd, however, could be related to
Zn mineralization. The maximum Zn value in this dataset is 4,300 ppm Zn.
Further investigations into Zn anomalies in this area is advised.
5.3 Interpretation
5.3.1 PC 1
A biplot of the first two PCs shows the observations (as numbers) and variables
(lines) in Figure 5.13. In these plots, there is a strong relationship between Au
and As. For PC 1, there is a strong association and relative enrichment of Sc,
La, Sm, Fe, Na, Ce, Lu, Yb, Hf, Cr and Th; and inverse associations to Zn, Ca,
Br, K and Sr. Principal Component 2 shows the relative enrichment of Au and
As.
Principal Component 1 (Figure 5.15) reflects the nature of the soil within
the sampled areas. Areas with relatively enriched Fe and REE contents often
indicate granitic rock types, although soils with larger pH and carbonate
concentrations can cause Fe deficiencies within plants (Dunn, 2007a).
Chondrite-normalized REE patterns in lodgepole pine rhytidome were also
found to correspond with the REE patterns derived from various phases of
granitic rock (Dunn, 2007a). All of the relatively enriched elements in PC 1
are passively taken up by plants except Fe. Of the relatively depleted elements,
Zn and K are actively taken up into plants as nutrients. Potassium enrichment
especially occurs in areas where K-feldspar has been degraded from
weathering or K- metasomatism (Dunn, 2007a). Additionally, clay-rich soils
tend to have larger Ca contents compared to coarser soils (Hagen, 2015).
One local assessment report on the Jay Property in proximity to the
north-western low scores shown in Figure 5.15, and 1 km from a sample site,
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indicates the presence of carbonates and Zn anomalies in soil samples
(Henneberry, 2012). There is also distinct change between positive and
negative PCs in this northwest corner of the sampled area that may represent a
contact or fault not described in the regional geology. The northeast corner of
the sampling area, with large PC 1 scores, had a geophysical survey conducted
on the Bark Claims (now part of the Hubble Claim) (Guszowaty and
Rebagliati, 2011). This survey is coincident with the bark samples collected
and they are in proximity to a plug-like, oval-shaped magnetic high which is
bordered to the east by a southeast-trending magnetic low. This low is
coincident with a pronounced resistivity high. This geophysical anomaly may
indicate a granitic intrusion and alteration halo. Typically, mafic intrusive total
or residual magnetic field responses occur as isolated circular "bulls-eye"
anomalies as they tend to contain more magnetite (Guszowaty and Rebagliati,
2011). The magnetization of a rock unit may also be affected by
metamorphism and alteration. Alternatively, granitic intrusives will display as
oval-shaped zones which may have contrasting halos due to contact
metamorphism (Guszowaty and Rebagliati, 2011) indicating the anomaly may
be granitic. PC 1 may therefore represent the complex relationship between
soil composition (granite and Ca relative enrichment), element associations
(Fe-associated elements compared with Ca-clays-associated elements), pH and
plant element uptake (passive and active) (see Table 5.4). Plant passive uptake
of elements is typically a result of diffusion into the root cell membrane
following a chemical gradient, whereas, active uptake involves the use of
energy to transport an element or molecure across the root cell membrane
(Hopkins and Huner, 2009) The results of PC 1 is similar to the Mo-data PCA
1 results and may therefore imply that biogeochemical studies are useful in
differentiating between underlying granitic rocks and Ca-relatively enriched
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TABLE 5.4: Summary interpretation of Au data for PC 1 with respect to
association and inverse associations, elements, relative composition, associated
elements, pH and uptake mechanism.
PC value Elements Comp. Assoc. pH Uptake
+ Fe, REE granitic Th low Passive
- Ca, Sr, Zn, K Ca (clays) N/A high Active: Ca, etc.
(clay) substrates related to alteration or weathering.
5.3.2 PC 2
Arsenic and Au relative enrichment is shown in Figure 5.14. This PC reflects
gold mineralization and its associated pathfinder elements for this area and
indicates that the central southwest area is prospective for Au mineralization,
contrary to the clr Au and As distributions in Figures 5.3 and 5.4. The
maximum gold concentration in this dataset is 733 ppb Au. This bark sample
was collected in the southwest area of the PC 2 map and is in proximity to the
Big Bear claim area. The Big Bear Property contains anomalous rock, soil, silt
and drill core samples for Au and As (Webster, 2013). Mineralization within
and in proximity to the Big Bear Property typically occurs in the vicinity of
granitic Cretaceous intrusives which emplaced into the Jurassic Hazelton and
Bowser Lake Groups (Webster, 2013). These granitic intrusives are a possible
source of K for this area. Potassium enrichment tends to occur in areas where
K-feldspar has been degraded from weathering or K-metasomatism (Dunn,
2007a) of igneous or sedimentary rocks where Na-rich phases, primarily
plagioclase, are replaced by secondary mineral phases. Potassium returned a
negative loading in PC 1 in association with Ca relative enrichment which may
be associated with clay contents. Gold mineralization within this area is also
associated with potassic alteration of felsic and intermediate volcanics (Lane
and Schroeter, 1996). The large PC 2 score in the northwest is associated with
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electromagnetic anomalies mapped on the Bark Claims which were interpreted
as possible mineralization (Henneberry, 2012). The largest PC 2 scores (red)
in Figure 5.16 are therefore linked to As associated Au mineralization and
possible bedrock alteration due to weathering or K-metasomatism of felsic and
intermediate volcanics (small PC 1 scores, green). Principal Component 2,
therefore, may represent the Au-As enrichment of rocks, possibly in the form
of arsenopyrite, that underwent potassic alteration.
The use of PCA to successfully identify Au mineralization associated with
As using PC 2, in relation to the host rock (felsic and intermediate volcanics)
using PC 1, implies that PCA is a valid method to assist in the interpretation of
biogeochemical samples. Further research is warranted regarding the Au-As
relative enrichment of the north-central portion of the study area as the
sampling is sparse and there are no MINFILE reports in this area.
Additionally, the relationship between Ca adsorbed-clay relative enrichment,
alteration and weathering should be researched for implications in mapping
geology.
5.3.3 High Dimensional, Low Sample Size Data Discussion
The reliability of PCA results for the gold dataset of high dimensional, low
sample size was examined (data is described in Chapter 3). This dataset
contains 51 samples and 25 elements (variables) with a sample-to-variable
ratio (nc/p) of 2.04. Initial PCA revealed a small number of expected
components (2 to 6) as well as three variables with small absolute loadings (<
0.6) (see Tables 5.2 and 5.3). The small number of important components
substantiates the reliability of the PCA, but the K1 Rule, which suggests six
components, is not appropriate for PCA (Dinno, 2009). The scree plot (Figure
5.8) shows the first five components should be retained. The log-eigenvalue
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(LEV) plot indicates the first 1 or 2 components would contain the least
amount of noise.
Communality, or the sum-of-squares of the loadings (Table 5.3), and the
absolute values of loadings are also examined. The sum-of-squares shows that
they are acceptable at greater than 0.5 across the first five components.
Barium, Mo and Rb, however, have absolute loadings less than 0.6 across PC 1
through 5. Over-determination can also affect loading stability (MacCallum
et al., 1999). Barium, Co, Eu, Hf and Mo have absolute loadings greater than
or equal to 0.4 in more than one component. Barium, in particular, has
loadings of -0.51 for both PC 1 and PC 2. The minimum absolute loading size
to overcome the problem of over-determination is thus considered to be 0.6 for
this dataset. Variables with large absolute loadings (> 0.5) are considered to be
well represented in the common component space (IDRE, 2016), however, due
to the small sample siaze and large number of variables a more conservative
loading size of 0.6 was chosen. These over-determinations also affect PC 3,
since it has large absolute loadings for Co, Sb and Eu resulting in the
over-determination of Co and Eu. Principal Components 4 and 5 returned
absolute loadings less than 0.6 for all the elements showing these PCs do not
meet the minimum absolute loading size to overcome the problem of
over-determination for this data.
Ideally, a consensus method using a number of tests is recommended as an
upper limit to the number of components to retain (Cangelosi and Goriely,
2007). Based on a minimum absolute loading size of 0.6, sum-of-squares
greater than 0.5, and no two components having a loading greater than 0.4
within a single variable, the first two components are retained for
interpretation. These results are verified by the similarities in PC 1 between
the Au and Mo datasets, as well as the associations with known Au
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occurrences within MINFILE and ARIS reports. The results of this consensus
methodology, and its verification with the Mo dataset’s PC 1 element
associations as well as known Au occurrences, imply that this method assist in
the interpretation of the small datasets commonly collected in small
exploration or environmental programs.
5.4 Summary and Conclusions
Multivariate statistical techniques were applied to a suite of 51 biogeochemical
samples collected from lodgepole pine outer bark in the southern Nechako
Plateau of British Columbia, Canada. The samples were analysed by Inductive
Neutron Activation Analysis (INAA) for 30 elements. Twenty-five elements
were chosen, based on Exploratory Data Analysis (EDA), for further statistical
procedures in the form of multivariate analysis (MVA). During MVA, the data
were treated as compositions using the logratio approach. Principal
Component 2 revealed the association between Au and As which may be an
indicator of Au mineralization for the southern Nechako Plateau.
A review of the PCA for the high dimensional, low sample size gold
dataset included choosing components and loading values to interpret. A
consensus method was used to verify the number of components to retain for
interpretation. This method was verified by the similar results found in the two
datasets (PC 2 in Mo dataset and PC 2 in gold dataset) and validation to known
mineral occurrences found within MINFILE and ARIS. This finding implies
that a consensus method reproduces the same results as a larger dataset within
the same general area for PC 1 and that cautious interpretations can lead to
verified results, as seen in PC 2. Future research should focus on methods to
increase the reliability of high dimensional, low sample size datasets by either
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reducing variables or finding the best performing components and variables.
When PC 1 and PC 2 are compared in Figure 5.15, the central and
southwest portions of the study area consist of small PC 1 scores and large PC
2 scores. This relationship may indicate that gold mineralization is related to
the relative decrease in Fe-associated elements (granitic) and inversely
associated with Ca-associated elements (clays). This type of association may
indicate epithermal Au-Ag style of mineralization; similar to the Blackwater
Au-Ag deposit. The northwest corner of the study area, however, has large PC
1 and PC 2 scores. This association of relative enrichment in Fe-associated
elements with relatively depleted Ca-associated elements may indicate a
different type of mineralization: Cu ± Mo ± Au porphyry or low sulfidation
epithermal deposits which are also found within the Nechako Plateau. Large
PC 1 scores and large PC 2 scores were also identified in relation to the
Endako Mine. The Au dataset PC 1 relationships are similar to the PCA
associations revealed in the Mo dataset and show that, although the Au dataset
is high dimensional, it is consistent with the regional patterns seen with the
Mo dataset.
The identification of the distinctive characteristics in PC 1 of both the Mo
and Au datasets implies that PCA results are reproducible and useful for
relating to underlying geology, soil characteristics and plant uptake. Principal
Component 2 identified areas with relatively enriched Au and As, implying
that PCA is useful in identifying areas of Au mineralization. Further research
is suggested regarding the gold enrichment of the northwest corner of the
sampled area and the relationship between Ca-associated relative enrichment
and the presence of clay minerals.
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6 CONCLUSIONS AND FUTURE RESEARCH
6.1 Thesis Conclusions
The focus of this study was to apply a multivariate statistical method to
identify element patterns in lodgepole pine outer bark for the purpose of gold
and molybdenum mineral exploration. After accounting for censored elements
and compositional data, this study used an established geochemical Principal
Component Analysis (PCA) methodology to find element associations within
biogeochemical data. The following three research objectives are addressed in
this chapter: apply PCA to identify biogeochemical characteristics; discover
signatures related to metallic mineralization; and identify stable, accurate and
interpretable results from high dimensional, low sample sized data.
6.1.1 Statistical Processing and the Interpretation of Biogeochemical
Data
Exploratory Data Analysis (EDA) and Principal Component Analysis (PCA)
were applied to a suite of 485 biogeochemical samples collected by Dunn and
Hastings (1998) and Dunn and Hastings (1999). These samples are lodgepole
pine outer bark from the southern Nechako Plateau and were collected for the
purpose of enhancing regional mineral exploration. In addition, 51 samples
were collected by Dunn and Levson (2010) and, as part of this thesis,
statistically processed for the purpose of Au exploration. The samples were
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analysed via Instrumental Neutron Activation Analysis (INAA) for 28
elements by GSC Laboratories in Ottawa and Activation Laboratories Ltd.
(Ancaster, ON) as part of the surveys (Dunn and Hastings, 1998; Dunn and
Hastings, 1999; Dunn and Levson, 2010) and investigated for their element
associations in this thesis. Twenty-four elements were chosen from the Mo
data, based on EDA, for further statistical procedures in the form of Principal
Component Analysis (PCA). Twenty-five elements were chosen from the Au
data based on EDA and the consensus between large absolute loadings and
retained components. During PCA, the data were treated as compositions
using the logratio approach.
The methodology for processing biogeochemical data was:
• Perform Exploratory Data Analysis to determine below detection limit
percentages, background/anomalous/outlier values (using Tukey
boxplots and Q-Q plots), spatial distributions and quantiles following
Grunsky (2010).
• Impute below detection limit values for the elements chosen from
Exploratory Data Analysis using R Statistics’ ’zCompositions’ package
robust isometric log-ratio (ilr) Expectation-Maximization (EM)
algorithm (Palarea-Albaladejo and Martin-Fernandez, 2013).
• Conduct RQ-mode Principal Component Analysis suitable for
compositional data (e.g., ’rgr’ package ’gx.mva.closed’ algorithm
(Garrett, 2013)). This method centre log-ratio transforms to ’open’ the
compositional data prior to performing simultaneous RQ-mode PCA to
allow the elements to vary independently.
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• Check PCA reliability, when using the small datasets, using a consensus
methodology as described in the High Dimensional, Low Sample Size
Data section of Chapter 5.
Principal Component Analysis revealed a number of distinctive
characteristics. The first PC for both datasets showed that bioavailability and
soil contents are important in the interpretation of biogeochemical samples
(Figures 4.20 and 5.15). Element associations in PC 1 showed larger Fe and
Rare Earth Elements (REE) contents are associated with Hf, Na and Th
indicating granitic soil compositions, relatively low pH and passive element
uptake. Calcium, Sr and Ba associations indicated realtively increased Ca
content soils such as clays (Ca adsorbed to clay), relatively high pH and the
active uptake of Ca, Zn, K and Mo.
Principal Component 2 in the Mo dataset revealed the association between
Mo and Co in lodgepole pine outer bark (Figures 4.20 and 5.15). These areas
with relatively larger contents of Mo geographically overlap with the Endako
Mo Mine, and large PC 1 scores, indicating that Mo concentrations and
Fe-REE-associated elements in lodgepole pine outer bark may be an indicator
of Mo mineralization for the southern Nechako Plateau. This PC also
identified that Co relative decrease in content is related to Mo relative increase
in concentration. Larger Co contents in rocks and soils is typically interpreted
in association with ultramafic and mafic rocks however, another explanation
could be that the areas of relative decrease of Mo content and relative increase
in Co is related to an associated vein system similar to Giant porphyry Mo
(low F-type) mine. A similar relationship may be present within this area.
Principal Component 3 of the Mo database described areas of larger Cu-Pb
contents associated with As-Sb (PC 3), whereas PC 4 showed areas with high
Chapter 6. Conclusions and Future Research 175
contrast Ag, Hg and Cs concentrations associated with Ag and Au
mineralization. Arsenic, Sb and Cs are typically pathfinder elements for
metallic mineralization, such as porphyry Cu deposits and their PC results
were corroborated with local assessment report findings. Comparisons of PC 3
scores with PC 1 scores indicate that differences in the underlying lithology
affirms the representation of different styles of mineralization.
Principal Component 2 of the Au dataset revealed the association between
Au and As which may be an indicator of Au mineralization for the southern
Nechako Plateau. These Au-As relative associations are proximal to the Big
Bear claims and the Blackwater Au project. Comparisons of the Au dataset’s
PC 1 and PC 2 in Figure 5.15 show that the central and southwest portions of
the study area consist of small PC 1 scores and large PC 2 scores. This may
indicate that the Au-As association is related to the Ca-associated elements
(Ca adsorbed to clays) and inversely associated with the relative decrease of
Fe-REE-associated element contents. This type of association may indicate an
epithermal Au-Ag type of mineralization similar to the Blackwater Au-Ag
deposit. The northwest corner of the study area, however, has large PC 1 and
PC 2 scores. This association of relative increased contents of Fe-associated
elements with relatively decreased concentrations of Ca-associated elements
may indicate a different type of mineralization: such as Cu ± Mo ± Au
porphyry or low sulfidation epithermal deposits which are also found within
the Nechako Plateau.
6.1.2 High Dimensional, Low Sample Size Data
A consensus method was developed for PCA of high dimensional, low sample
size data to verify the number of components to retain for interpretation. This
method resulted in similar element associations in PC 1 of the Mo dataset and
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PC 1 of the Au dataset. Additionally, this method was validated to known
mineral occurrences and mapped geology found within local MINFILE and
ARIS reports. This finding implies that a consensus method reproduces results
similar to a much larger dataset within the same general area for PC 1 and that
cautious interpretations can lead to verified results, as seen in PC 2.
A summary of the consensus methodology used for high dimensional, low
sample size datasets of outer lodgepole pine bark samples is:
• Conduct PCA suitable for compositional data.
• Create scree and LEV plots to determine the number of components to
retain by the ’elbow’ or linear properties.
• Note variables with loadings less than 0.6 across the first few components
with scree/LEV plots .
• Note when the sum-of-squares is less than 0.5.
• Determine if any variables have loadings greater than 0.4 across multiple
components.
• Use a consensus methodology of the above parameters to determine
which components to retain and which variables to interpret.
6.2 Study Limitations
This study is based on regional programs conducted in the 1990s and is
adapted to a statistical study and interpretation of biogeochemical samples.
Ideally, the design of the sampling program would include covering a variety
of different molybdenum and gold deposits, such as Boss Mountain Mine (low
F-Type Mo porphyry near Canim Lake, BC) and Blackdome Gold Mine (low
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sulfidation Au-Ag deposit near Clinton, BC) for comparisons of deposit
models in different physiographic settings. Boss Mountain Mine began
reclamation activities in 1986 and is located along the west-side of the Cinder
Cone escarpment of Big Timothy Mountain within an east-west trending
valley. The main tree species present are lodgepole pine, alpine fir, Engelmann
spruce, alder, balsam, aspen and birch making it suitable for comparison
studies with the Nechako Plateau. The Blackdome Gold Mine is located within
the Camelsfoot Range of the Cariboo Plateau and ceased activity in 1990. The
main tree species are similar to the Nechako Plateau: lodgepole pine, spruce,
fir and aspen making it suitable for comparison with the Nechako Plateau area.
Soil pH as well as soil pit samples, basal till samples and hydrogeological
studies would have also added to the interpretation of the samples as the first
PC in both datasets indicate multiple potential associations: granitic/Ca-rich
(clay), pH and passive/active uptake. More samples within the subset areas,
re-analysis of the data using the lower detection limits of ICP-MS, a detailed
bedrock geology map and detailed hydrogeology would have also greatly
strengthened the interpretation of the results. Additionally, pH readings as well
as soil pit or basal till samples would have added to the understanding of the
effect of pH and soil composition on element associations.
6.3 Strengths of Study and Contributions to Mineral Exploration
The strength of this study is mainly based on the use of regional data, collected
by experts, that used two to three two-person crews four field seasons to
acquire. Additionally, the data encompassed an area containing two mineral
deposits, Mo and Au, in two nearby geographic regions which allowed
similarities to be drawn between the results. The study area also has an active
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exploration history, in which approximately 70 years of reports were drawn
upon for assistance in the interpretation of the PCs. Statistical methodologies
and corroborated interpretations with known occurrences were used resulting
in methodologies suitable for compositional data and ’ground-truthed’
interpretations. The strengths of this research are also seen when the spatial
distributions of the clr results are compared with their related PCs. The PC
maps showed greater contrast than their corresponding individual clr maps
(e.g., Mo, As, Sb, Cs and Au) which is the fundamental underlying purpose of
PCA.
The results of this research implies that PCA is an effective multivariate
tool for revealing element associations related to geology and mineralization.
Large PC 1 scores, in the Mo dataset, occurred over areas mapped as granitic
rocks, whereas small PC 1 scores were found to be locally associated with
large areas of argillization (with possible Ca-adsorption on clays). The large
PC 1 scores in the Au dataset returned similar element associations as the PC 1
score in the Mo dataset, however the relationship with mapped regional
geology wasn’t as prevalent as in the Mo dataset. Local reports were used in
the interpretation of PC 1 for the Au dataset and the findings assisted in
refining the regional geology of this area. The interpretation of PC 1 in both
datasets, therefore, contribute to mapping the locations of potential
economically important intrusives and assist in delineating relatively increased
Ca-adsorbed on clay contents in soils. The interpretation of PC 1 is however
difficult and may represent the complex relationship between soil composition
(granite and Ca with clays), element associations (Fe-associated elements
compared with Ca-associated elements), pH and plant element uptake (passive
and active).
The use of PCA also successfully identified Mo mineralization using PC 2
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of the Mo dataset. The PC 2 results, in relation to the results of PC 1, imply
that PCA is a valid method for the interpretation of biogeochemical samples.
The PC 3 results, in the Mo dataset, identified As and Sb relatively increased
concentrations which imply a method for discovering different styles of
mineralization, when taken in the context of locally known mineralization.
The PC 4 results were related to Cs relative abundances and imply a method
for discovering different styles of mineralization, when taken in the context of
its relationship with Rb and the local element abundances such as Au, Ag and
Hg. PC 2, in the Au dataset, revealed the association between Au and As and
implies that PCA of biogeochemical data is suitable for discovering Au-As
related mineralization.
The contributions to the discipline are summarized as follows:
• The treatment of biogeochemical data as compositions with the
subsequent application of the PCA.
• Affirming that Mo relatively larger contents in outer lodgepole pine bark
is related to Mo mineralization.
• Affirming that Au-As associations in lodgepole pine rhytidome is related
to Au mineralization.
• The development of a consensus methodology for performing PCA on
high dimensional, low sample size compositional datasets.
6.4 Future Research
Future research, such as ground-truthing, is suggested for further validation of
the PC 1 interpretation. In particular, additional research studies are warranted
regarding the relatively larger Mo contents of the north-central portion of the
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study area as the sampling is sparse and there are no reports in this area.
In-filling the sparsely sampled areas within both the Mo and Au dataset areas
would enhance the geological mapping of the area and assist in the
determination of other mineralized areas. Recommended infilling would be
approximately 2-3 sample for every 1 km2 for regional surveys and grid
sampling of 1 sample for every 200-300 m (Averill, 2017) to determine if
down-ice shifts occur with outer lodgepole pine bark biogeochemistry
although many studies have indicated that biogeochemistry is not affected by
down-ice shifts (Dunn, Coker, and Rogers, 1991; Dunn, Balma, and Sibbick,
1996; Sibbick, Balma, and Dunn, 1996; Devine et al., 2015). It has been
indicated that the lack of influence of glacial down-ice shifts has a depth
limitation (Bissig, Heberlein, and Dunn, 2013), however, groundwater
composition and flow would have a greater impact on biogeochemical patterns
than till composition (Ullmer, 1975) due to possible gas-bubble transport, from
microbial action or degassing, in saturated groundwater and the upward fluid
transport from advective groundwater as a result of remnant glacial tectonic
pressure (Geffen et al., 2012). Additionally, the relationship between Mo
relative increase in content and Co relative decrease in concentration should be
investigated for implications in mapping low F-type porphyry deposits.
PC 2, 3 and 4 in the Mo dataset were associated with known Mo
mineralization (PC 2), larger Cu-Pb contents associated with As-Sb (PC 3) and
high contrast Ag, Hg and Cs concentrations associated with Ag and Au
mineralization. In addition, the Mo-Co association in relation to Mo
mineralization in low F-type porphyry deposits should be examined. The Mo
biogeochemical anomaly spans over 75 km, in plan view, and most porphyry
systems are only discussed in terms of less than 10 km (Berger et al., 2008).
Further research is suggested in the anomalous areas not associated with
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known mineralization of PC 3 (west and eastern anomalies). Further research
studies are also warranted regarding relatively larger Cs contents of the PC 4
scores immediately south of the Endako Mine, the cluster of low scores (red
circles) in the south-central study area, and the singular anomalies to the
southwest.
Future research should also focus on methods to increase the reliability of
high dimensional, low sample size datasets by further testing of the consensus
method, creating a method for reducing variables or developing a new
procedure for finding the best performing components and variables.
The future or recommended work regarding this thesis are summarized as
follows:
• Ground-truthing the areas with relatively larger Mo, Au, Zn, As-Sb and
Co contents that do not have ARIS or MINFILE corroboration.
• Researching the characterization of low F-type porphyry Mo deposits in
terms of broad geochemical halos (Mo-Co association).
• Testing the methodology on a variety of different molybdenum, gold or
other metallic mineral deposits for comparisons of element associations
with a variety of deposit models in different settings.
• Improving PCA reliability for high dimensional, low sample size
compositional datasets.
• Looking for similar patterns in other types of geochemical samples and
in remote sensing data.
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APPENDIX A: QUALITY ASSURANCE-QUALITY CONTROL
Summary
Data quality is important to ensure the reflection of real-world systems is as
accurate and precise as possible. This allows for accurate interpretations of the
data. The goal of data verification is to determine whether or not to use the
data. If the data verification process locates numerous errors or inconsistencies,
then the data are not fit for its intended purpose; in this case, the modelling
of natural systems for the location of metallic mineral deposits. The data in
question for this study is the tree bark biogeochemical data collected for the
Nechako NATMAP Project.
The quality of the data was determined by calculating the severity of
inconsistency, incompleteness, accuracy, precision and missing or unknown
samples. Inconsistency, incompleteness and missing or unknown samples
were determined by calculating the summary statistics. The most consistent
and complete sets of elements were chosen for further analysis: 25 elements
for the entire bark sampling area, 24 elements for the Endako Mine subset area
and 25 elements for the Blackwater Project area. The accuracy of the data was
determined by calculating the moving average of the samples in an assumed
series and analysing duplicate samples for any record with greater than 20%
deviation from each other. Four elements were found to have failed the
duplicate comparison for certain years: Cs (1994), K (1996), Rb (1997) and Sr
(1996 and 1997). This may be due to sample switching, small sampling
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program or borderline fails. The precision of the data was determined by the
analysis of a Standard Reference Material (SRM). Any SRM that falls beyond
3 sigma of the average SRM value is considered a failure. The majority of the
failed SRM values are related to instrumental drift: an increase or decrease in
the element value with a rebound back to the mean after the drift correction.
Instrumental drift may not necessarily indicate a complete failure. Overall the
accuracy and precision of the data selected is considered to be satisfactory for
the elements selected based on the analysis of the summary statistics.
Introduction and Terms of Reference
To verify the quality of the biogeochemical data to be collected for the
Nechako NATMAP Project, the author conducted a technical review of 83
duplicate ash and 45 Geological Survey of Canada (GSC) Pine Standard V6
samples processed by the GSC and analysed by two different assay
laboratories: GSC Laboratories in Ottawa and Activation Laboratories Ltd.
(Ancaster, ON). This study focuses on regional surveys of till and lodgepole
pine bark samples to map the chemistry of the area in relation to mineral
exploration and to relate the findings with satellite imagery enhanced to show
chemically-stressed lodgepole pine stands.
The author was asked about the quality of the data used in this study and
decided to conduct a data verification review on 128 outer bark lodgepole pine
duplicate ash and Standard V6 samples processed by GSC Laboratories in
Ottawa and analysed by Activation Laboratories Ltd. (Ancaster, ON). The area
in which the samples were collected is prospected mainly for molybdenum
and gold, although a number of areas also indicate high concentrations of
copper and lead. All the samples were collected within the Ootsa-Francois
Lakes (1998, NTS 93F13/14 and part of 12), Fraser Lake (1999, NTS 93K/2
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and 93K/3), Nechako River (2000, NTS 93F15/16 and parts of 93F9/10) and
Blackwater (1994, NTS 93F/2 and 7) portions of the Nechako NATMAP
Project Area. A number of the samples are located in proximity to known
economic metal producers: Endako Mo Mine and Blackwater advanced
exploration Au project.
Purpose of the Report
The purpose of this report is to serve as a verification of the quality of the
samples collected and published by the GSC. This data verification report is
intended to provide a quality assurance-quality control (QA-QC) review of 83
duplicate samples and 45 standard V6 samples. Typically, the Regional
Geochemical Survey (RGS) database ensures data integrity through routine
quality control procedures: field sites are performed by Ministry personnel,
analytical duplicate samples and control reference materials are inserted into
the sample stream at a ratio of 1 in 20 samples, and all analytical results are
closely monitored and evaluated (Ministry of Energy, Mines and Petroleum
Resources, 2009).
Sources of Information
The Outer Lodgepole Pine Bark Data Verification Report is based on:
• Technical data, documents, reports and information supplied by the GSC
(Dunn and Hastings, 1998; Dunn and Hastings, 1999; Dunn and
Hastings, 2000; Dunn and Levson, 2010).
• A site visit of an area surrounding the Blackwater Project Area in 2010
and 2015.
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Biogeochemical Survey Methodology
All the samples are scraped from the scaly outer bark of a single, mature
lodgepole pine tree using a hardened steel paint-scraper and a plastic broom
dustbin to collect approximately 50 to 100 g of falling bark scraps. The
scrapings are placed into a standard Kraft paper soil sample bag and shipped to
the GSC Laboratories in Ottawa, ON. A total of 765 outer lodgepole bark
samples were collected. At the lab, the samples are dried and reduced to ash
by controlled ignition at 470◦C for 24 hours. The reduction of lodgepole pine
bark to ash results in the concentration of elements with little to no loss; except
for a few high volatility elements (e.g., Br and Hg). The ash samples, reduced
to at least 0.5 g, are weighed into small polypropylene vials and submitted to
Activation Laboratories Ltd. in Ancaster, ON for irradiation and determination
of 36 elements by instrumental neutron activation analysis (INAA). This
method reports the total concentration of elements within the ash sample.
INAA is an analytical procedure for determining the concentration of trace
and major elements contained within a variety of matrices. The instrument
uses a neutron source to make stable isotopes radioactive. As these radioactive
nuclides decay, they emit γ-radiation with unique energy signatures. The
intensity of the gamma rays are compared to a standard reference and the
quantitative concentrations of various nuclides are calculated. The
spectroscopy instrument consists of a detector with a high voltage power
supply, pre-amplifier, spectroscopy amplifier, an analog-to-digital converter, a
multi-channel analyser and an output device. The irradiated sample in
presented to the detector within a cryogenic environment at 77K to minimize
the influence of thermal noise. The detector’s signal is shaped by the
spectroscopy amplifier and converted from an analog to digital signal with the
converter. The digital results are then stored within the multi-channel analyser.
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These results are compared with standard references within a computer and
any known interferences are compensated.
The strengths of INAA are:
• Reports total concentrations
• Simultaneous analysis of a wide variety of elements
• Very low detection limits for many elements
• Works with small sample sizes (1-200 mg)
• No chemical preparation
• Non-destructive, although the processed sample material is radioactive
• Relatively low cost to set-up
The limitations of INAA include:
• Several elements were not available cannot be analysed by this technique
(e.g., Ce, Cu, Pb, Bi, Te and Tl)
• The sensitivity of the method is dependent upon the sample matrix (e.g.,
smaller detection limits are available for biological samples when
compared with lithological samples)
Chain of Custody
No chain of custody procedure is reported.
Outer Bark Sampling Protocol
Outer bark samples from lodgepole pine are collected by foot with vehicular
assistance along roads, trails and tracks at two km intervals. To decrease the
effects of airborne contamination from the roads, the samples are collected at
least 100 m into the forest. Along the lesser used trails and tracks, the samples
were collected 50 m into the forest. Due to the scarcity of roads and trails in
some areas, the sampling grid is not uniform. The surveys typically consisted
of two-person crews. The samples were collected: by C. Dunn during two
expeditions and by A. Plouffe, plus his assistants, in the summer of 1996; late
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July 1997 by a 2-person crew; summer of 1998 over part of the survey area by
C. Dunn and by A. Plouffe and his assistants; and in 1994 by C. Dunn and V.M.
Levson.
Data Verification
All the lodgepole pine outer bark samples were processed and analysed by
GSC Laboratories in Ottawa and Activation Laboratories Ltd. (Ancaster, ON).
Verification of assays is performed by Activation Labs using internal QA-QC
procedures of duplicates and proprietary reference standards. Sample blanks
were not inserted into the sample stream, possibly due to the lack of available
blank material that would match the sample matrix. Similar biogeochemical
surveys use rice as a blank material. The internal QA-QC results and the assay
certificates are not provided in the technical reports. The duplicate samples are
created by splitting ash produced from a single sample by the GSC Lab then
sending the splits to Activation Labs for analysis. Duplicate samples were
inserted into the sample stream at a ratio of 1 in 20 samples. Standard
reference material (SRM) V6 samples were placed into the sample stream at a
ratio of 1 in 10 to 1 in 20 samples.
The SRM V6 is a bulk SRM that is not commercially available. This SRM
is created by the collection of a few tens of kilograms of pine twigs from a
location near Ottawa, Canada to produce material sufficient for several years’
worth of analyses. The twigs are sent through a commercial chipper that can
shred tree limbs up to 2 cm in diameter. The shredded material is then passed
through a RetschTM mill to reduce particle size to less than 1 mm.
Homogenization of the material is accomplished by a proprietary rotating
drum at the GSC Lab. The resulting material is quartered several times, mixed
at the CANMET Laboratories and bottled for future use. The V6 sample has
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been used continuously for over 15 years and analysed several thousand times
by many analytical methods including INAA (Dunn, 2007). Table 1 contains
the average element values for the 1994-1996 V6 SRM ash concentrations
from 273 INAA analyses, the standard deviation (SD) and the percent relative
standard deviation (%RSD).
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TABLE 1: Average INAA element concentrations of ash for the 1994-1996 V6
standard reference material including the standard deviation (SD) and percent
relative standard deviation (%RSD). Some elements were below the detection
limit (n.d.-not detected).
Element (unit) Average in Ash SD %RSD
Au ppb 17 6.6 38
Ag ppm n.d.
As ppm 7.6 0.8 11
Ba ppm 404 37 9
Br ppm 12 3 24
Ca pct 15.83 1.21 8
Co ppm 9 0.97 11
Cr ppm 68 5 8
Cs ppm 1.2 0.6 50
Fe pct 1.76 0.13 7
Hf ppm 5.2 0.5 10
K pct 3.65 0.6 16
Mo ppm 5 1.6 33
Na ppm 11305 662 6
Ni ppm n.d.
Rb ppm 45 7 15
Sb ppm 1.2 0.1 10
Sc ppm 4.5 0.31 7
Se ppm n.d.
Sr ppm 948 198 21
Ta ppm n.d.
Th ppm 3 0.34 11
U ppm 1.3 0.26 19
W ppm n.d.
Zn ppm 773 67 9
La ppm 21 1.4 7
Ce ppm 42 3.4 8
Nd ppm 22 2.6 12
Sm ppm 3.1 0.25 8
Eu ppm 0.81 0.1 12
Tb ppm n.d.
Yb ppm 1.7 0.18 10
Lu ppm 0.29 0.06 21
Mass g 0.56
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Summary Statistics Inconsistency, incompleteness and missing or unknown samples were determined by calculating the summary
statistics. Of the 36 elements analysed for the region, 20 elements were found with >80% of the samples with above detection limit
values: As, Ba, Br, Ca, Ce, Co, Cr, Eu, Fe, K, La, Na, Rb, Sb, Sc, Sm, Sr, Th, Yb and Zn. Since gold and molybdenum are important
commodities within the study area, two subset areas were chosen. The Endako mine sub-set area (485 samples taken in 1997 and
1998) includes 24 elements: regional element list plus Cs, Hf, Lu and Mo. The Blackwater sub-set area includes 25 elements (51
samples taken in 1994): regional element list plus Au, Cs, Hf, Lu, Mo.
TABLE 2: 1996 summary statistics for 229 lodgepole pine bark samples (below detection limit values are replace by half the detection limit for
each element).
Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
Au ppb 5 81 2.5 2.5 2.5 2.5 3.2 6.0 7.0 8.7 12.0 1.7 0.0 0.5
As ppm 0.50 3 0.25 0.25 1.50 2.30 2.42 3.92 4.76 6.02 8.50 1.2 0.9 0.5
Ba ppm 50 0 94 166 370 470 516 690 832 2108 3700 361.4 110.0 0.7
Br ppm 1 0 8 8 12 16 18 28 33 50 56 8.5 5.0 0.5
Ca pct 0.2 0 4.7 7.5 19.7 26.7 24.7 32.6 33.7 34.7 36.3 7.1 4.5 0.3
Ce ppm 3 6 1.5 1.5 6.0 11.0 17.3 38.6 45.0 65.4 72.0 14.9 7.0 0.9
Co ppm 1 0 0.5 2.0 3.0 5.0 6.4 10.2 16.0 24.0 27.0 4.6 2.0 0.7
Cr ppm 1 2 0.5 0.5 6.0 10.0 18.0 31.0 56.8 107.2 320.0 27.5 6.0 1.5
Cs ppm 0.5 20 0.25 0.25 0.60 1.10 1.12 2.00 2.70 3.66 4.80 0.8 0.4 0.7
Eu ppm 0.01 9 0.005 0.005 0.150 0.260 0.416 0.982 1.240 1.440 1.700 0.4 0.2 0.9
Fe pct 0.05 0 0.10 0.13 0.35 0.66 1.04 2.16 3.13 3.87 4.84 0.9 0.4 0.9
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Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
Hf ppm 0.5 22 0.25 0.25 0.50 1.00 1.50 3.40 4.16 4.87 5.60 1.3 0.8 0.8
K pct 0.05 0 1.31 1.66 3.04 3.77 4.02 5.97 6.56 9.00 11.50 1.5 0.8 0.4
La ppm 0.1 0 0.8 1.1 3.0 5.6 8.8 20.2 23.0 31.7 35.0 7.6 3.5 0.9
Lu ppm 0.05 24 0.025 0.025 0.050 0.090 0.144 0.324 0.400 0.512 0.580 0.1 0.1 0.9
Mo ppm 2 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Na ppm 10 0 851 1107 2450 4860 7289 16660 18860 25544 30000 6220.0 2890.0 0.9
Nd ppm 5 45 2.5 2.5 2.5 6.0 9.2 21.2 25.0 31.4 41.0 8.3 3.5 0.9
Rb ppm 5 1 2.5 13.0 34.0 45.0 49.4 83.0 93.6 120.0 130.0 23.5 13.0 0.5
Sb ppm 0.1 0 0.05 0.30 0.50 0.70 0.81 1.20 1.40 1.77 4.00 0.4 0.2 0.5
Sc ppm 0.1 0 0.3 0.4 1.1 2.1 3.4 7.9 9.9 12.0 14.0 3.0 1.3 0.9
Sm ppm 0.1 0 0.10 0.20 0.50 0.90 1.52 3.42 4.20 5.54 6.60 1.3 0.6 0.9
Sr ppm 300 7 150 150 760 930 933 1400 1500 1772 2600 352.9 170.0 0.4
Th ppm 0.1 2 0.05 0.05 0.50 0.90 1.21 2.60 3.22 4.14 6.90 1.1 0.5 0.9
U ppm 0.1 46 0.05 0.05 0.05 0.30 0.47 1.20 1.30 1.90 2.90 0.5 0.3 1.1
W ppm 1 96 0.5 0.5 0.5 0.5 0.6 0.5 0.5 2.0 4.0 0.4 0.0 0.7
Yb ppm 0.050 2 0.025 0.025 0.280 0.530 0.846 2.000 2.402 2.812 3.410 0.7 0.3 0.9
Zn ppm 50 0 360 466 1200 1600 1655 2500 2760 3172 4100 627.2 400.0 0.4
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TABLE 3: 1997 summary statistics for 267 lodgepole pine bark samples (below detection limit values are replaced by half the detection limit for
each element).
Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
Au ppb 5 89 2.5 2.5 2.5 2.5 2.9 5.0 6.0 9.0 20.0 1.5 0.0 0.5
As ppm 0.5 1 0.25 0.57 1.20 1.80 2.54 5.60 6.40 9.34 11.00 1.98 0.80 0.78
Ba ppm 50 0 150 160 390 500 527 780 897 1027 1200 194 130 0
Br ppm 1 0 5 6 9 12 13 20 24 28 31 5 3 0
Ca pct 0.2 0 10 14 26 31 31 40 41 42 45 7 6 0
Ce ppm 3 16 1.5 1.5 4.0 7.0 11.3 27.0 33.0 47.3 53.0 10.9 4.0 1.0
Co ppm 1 0 1 2 3 4 5 9 11 13 16 3 1 1
Cr ppm 1 8 0.5 0.5 4.0 6.0 9.2 21.0 26.0 38.3 56.0 8.7 3.0 0.9
Cs ppm 0.5 30 0.25 0.25 0.25 0.80 1.15 1.80 2.30 9.93 24.00 1.93 0.55 1.67
Eu ppm 0.01 17 0.005 0.005 0.010 0.160 0.253 0.646 0.871 1.187 1.280 0.28 0.15 1.11
Fe pct 0.05 0 0.09 0.12 0.22 0.34 0.63 1.55 2.03 2.76 2.94 0.61 0.17 0.97
Hf ppm 0.5 46 0.25 0.25 0.25 0.60 0.90 2.20 2.77 3.33 3.60 0.83 0.35 0.93
K pct 0.05 0 1.20 1.26 2.45 3.24 3.53 5.32 6.28 7.78 15.00 1.55 0.88 0.44
La ppm 0.1 0 0.8 0.9 1.9 3.3 5.4 13.0 15.7 22.3 26.0 5.05 1.80 0.94
Lu ppm 0.05 47 0.025 0.025 0.025 0.050 0.090 0.220 0.290 0.380 0.420 0.09 0.03 0.99
Mo ppm 2 0 3 4 9 14 17 31 43 76 92 13.34 6.00 0.76
Na ppm 10 0 959 1019.8 1775 3050 4995 11860 13700 18810 24600 4517 1620 1
Nd ppm 5 63 2.5 2.5 2.5 2.5 6.1 14.0 18.0 26.3 31.0 5.82 0.00 0.96
Rb ppm 5 0 2.5 9.7 23.5 35.0 37.8 59.4 73.2 98.0 180.0 21.2 12.0 0.6
Sb ppm 0.1 0 0.1 0.2 0.4 0.6 0.8 1.3 1.7 2.7 10.0 0.79 0.20 1.05
Sc ppm 0.1 0 0.3 0.3 0.7 1.1 2.0 5.1 6.3 9.1 11.0 2.05 0.60 1.04
Sm ppm 0.1 0 0.1 0.2 0.3 0.6 1.0 2.6 3.0 4.8 5.0 1.01 0.30 0.98
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Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
Sr ppm 300 2 150 150 880 1000 1056 1400 1600 2034 2300 321 200 0
Th ppm 0.1 7 0.05 0.05 0.30 0.50 0.75 1.80 2.10 3.00 3.30 0.68 0.20 0.91
U ppm 0.1 63 0.05 0.05 0.05 0.05 0.27 0.80 1.00 1.30 1.60 0.34 0.00 1.28
W ppm 1 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Yb ppm 0.05 7 0.025 0.025 0.170 0.310 0.523 1.316 1.677 2.107 2.480 0.52 0.18 1.00
Zn ppm 50 0 470 813 1500 1800 1877 2600 2800 3468 3900 560 400 0
TABLE 4: 1998 summary statistics for 218 lodgepole pine bark samples (below detection limit values are replaced by half the detection limit for
each element).
Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
Au ppb 5 30 2.5 2.5 2.5 6.0 7.4 13.3 17.2 34.5 46.0 6.36 3.50 0.86
As ppm 0.5 1 0.25 0.60 1.60 2.40 4.11 5.10 5.80 31.34 240.00 16.50 0.90 4.01
Ba ppm 50 0 240 287 520 640 674 970 1000 1283 1400 212 140 0
Br ppm 1 0 8 9 13 15 18 29 36 44 55 8 4 0
Ca pct 0.2 0 5.4 6.1 20.4 29.0 27.8 39.1 41.1 44.4 45.3 9.4 6.9 0.3
Ce ppm 3 1 1.5 1.5 8.0 16.5 25.4 53.6 61.3 115.9 180.0 24.2 10.5 1.0
Co ppm 1 0 2 2 4 6 7 11 14 16 18 3 2 1
Cr ppm 1 1 0.5 4.0 8.0 13.0 18.4 40.0 44.0 52.8 62.0 13.2 7.0 0.7
Cs ppm 0.5 23 0.25 0.25 0.25 0.90 0.99 1.83 2.20 2.98 3.70 0.68 0.60 0.68
Eu ppm 0.01 8 0.005 0.005 0.170 0.345 0.495 1.123 1.290 1.808 2.350 0.44 0.25 0.88
Fe pct 0.05 0 0.13 0.14 0.44 0.84 1.23 2.71 3.18 3.80 4.01 0.96 0.53 0.78
Hf ppm 0.5 15 0.25 0.25 0.60 1.20 1.70 3.83 4.32 5.08 5.50 1.37 0.95 0.80
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Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
K pct 0.05 0 1.12 1.19 3.05 4.07 4.31 6.67 7.53 9.27 10.90 1.75 1.12 0.41
La ppm 0.1 0 1.0 1.1 4.2 8.1 12.8 27.0 32.0 58.3 80.0 12.0 5.3 0.9
Lu ppm 0.05 13 0.025 0.025 0.060 0.120 0.177 0.390 0.470 0.656 0.850 0.15 0.10 0.87
Mo ppm 2 0 6 9 36 76 310 280 657 6703 15000 1483 45 5
Na ppm 10 0 733 1100 3423 6705 9630 20590 23615 26096 29200 7343 4380 1
Nd ppm 5 31 2.5 2.5 2.5 8.0 12.8 28.3 34.0 60.3 94.0 13.3 5.5 1.0
Rb ppm 5 1 2.5 11.0 26.0 40.0 43.5 69.3 90.3 120.0 170.0 23.9 14.0 0.6
Sb ppm 0.1 0 0.2 0.3 0.6 0.9 7.0 1.9 2.6 119.6 730.0 56.9 0.4 8.1
Sc ppm 0.1 0 0.3 0.4 1.3 2.6 3.8 8.5 9.8 11.0 14.0 3.1 1.7 0.8
Sm ppm 0.1 0 0.2 0.2 0.7 1.5 2.1 4.5 5.2 9.2 13.0 2.0 1.0 0.9
Sr ppm 300 0 420 469 933 1150 1160 1600 1715 2249 2900 351 210 0
Th ppm 0.1 1 0.05 0.05 0.50 1.00 1.55 3.03 3.62 7.32 11.00 1.45 0.60 0.93
U ppm 0.1 39 0.05 0.05 0.05 0.30 0.57 1.40 1.70 2.90 4.10 0.67 0.25 1.18
W ppm 1 71 0.5 0.5 0.5 0.5 0.9 1.0 3.0 7.0 8.0 1.24 0.00 1.45
Yb ppm 0.05 1 0.025 0.033 0.345 0.700 1.060 2.363 2.782 4.143 5.500 0.93 0.47 0.88
Zn ppm 50 0 190 389 1200 1600 1640 2500 2800 3266 3600 664 450 0
TABLE 5: 1994 summary statistics for 51 lodgepole pine bark samples (below detection limit values are replaced by half the detection limit for
each element).
Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
Au ppb 5 14 2.5 2.5 8 14 41 51 92 571 733 115 7 2.8
As ppm 0.5 0 0.9 1.2 3.1 5.7 6.7 13 15 22.5 28 5 2.9 0.7
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Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
Ba ppm 10 0 230 255 430 570 681 1200 1200 1850 2400 377 200 0.6
Br ppm 1 0 9 10 18 24 29 55 63 76 84 16 7 0.6
Ca pct 0.2 0 6.9 7.4 28 30.9 30.1 36.4 37.3 39.2 40.1 7 3.1 0.2
Ce ppm 3 12 1.5 1.5 4 7 10 16 31 52 65 11 3 1.1
Co ppm 1 0 2 2 4 6 6 9 11 15 16 3 2 0.5
Cr ppm 1 2 0.5 2 5 7 12 24 36 72 76 14 3 1.2
Cs ppm 0.5 14 0.25 0.25 0.9 1.5 1.9 3.8 5.9 7.2 7.9 1.7 0.7 0.9
Eu ppm varied 0 0.01 0.01 0.02 0.12 0.2 0.47 0.77 1.53 1.74 0.33 0.11 1.6
Fe pct 0.05 0 0.15 0.15 0.3 0.52 0.7 1.22 2.21 3.73 4.39 0.77 0.23 1.1
Hf ppm 0.5 41 0.25 0.25 0.25 0.7 0.9 1.7 2.8 4.8 6.3 1.1 0.5 1.1
K pct 0.05 0 1.5 1.53 3.02 3.91 4.24 6.79 7.41 8.04 8.22 1.77 0.99 0.4
La ppm 0.1 0 1 1.1 2.2 3.5 5.1 9.2 16 27 33 5.6 1.4 1.1
Lu ppm 0.05 37 0.025 0.025 0.025 0.07 0.1 0.2 0.31 0.55 0.61 0.12 0.05 1.2
Mo ppm 2 41 1 1 1 3 3 6 8 11 11 2 2 0.8
Na ppm 10 0 738 813 1890 2750 3904 6910 11800 20250 22200 4092 1030 1
Nd ppm 5 67 2.5 2.5 2.5 2.5 6 10 15 32 38 6 0 1.1
Rb ppm 5 4 2.5 2.5 42 65 71 110 175 250 300 52 22 0.7
Sb ppm 0.1 0 0.3 0.3 0.7 0.9 1 1.5 1.9 3.4 4.1 0.6 0.2 0.6
Sc ppm 0.1 0 0.4 0.5 0.9 1.5 2.3 4.7 7.7 13.5 14 2.8 0.6 1.2
Sm ppm 0.1 0 0.2 0.2 0.4 0.7 1 1.8 3.1 5.5 5.9 1.1 0.3 1.2
Sr ppm 300 8 150 150 780 1100 1015 1400 1750 1900 2000 412 220 0.4
Ta ppm 0.5 100 0 N/A N/A N/A N/A N/A N/A N/A 0 N/A N/A N/A
Tb ppm 0.5 99 0.7 0.7 0.7 0.7 0.85 0.9 0.9 0.9 1 N/A N/A N/A
Th ppm 0.1 8 0.1 0.1 0.3 0.5 0.7 1.2 2.5 3.7 4.3 0.8 0.2 1.1
U ppm 0.1 75 0.05 0.05 0.1 0.1 0.2 0.8 1 1.6 1.9 0.4 0 1.6
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Element DL % < and > DL Min 1% 25% Median Mean 90% 95% 99% Max St Dev MAD CV
W ppm N/A 100 0 N/A N/A N/A N/A N/A N/A N/A 0 N/A N/A N/A
Yb ppm 0.05 8 0.03 0.03 0.25 0.34 0.56 1.21 1.91 3.27 3.57 0.69 0.14 1.2
Zn ppm 20 0 470 490 1900 2400 2522 3800 4050 4250 4300 975 700 0.4
Ag ppm 2 82 1 1 1 1 2 3 6 9 10 2 0 1.1
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Detection Limit and Vegetation Samples Practical detection limits are
generally two to five times the instrumental detection limits and are dependent
on sample type, interferences and the method of analysis (Dunn, 2007a).
Ashing is one technique used to pre-concentrate the sample to ensure the
sensitivity of the analysis is adequate. Overall, the sensitivity of INAA on
vegetation samples is suitable for mineral exploration and Dunn, 2007a
provides a review of individual elements. Gold is determined well by INAA
although it exhibits the ’nugget’ affect similar to rock samples. Some of gold’s
associated pathfinder elements were, however, not available for analysis by
INAA: Bi, Te and Tl. Additionally, the detection limits for Ag, Hg and Se tend
to be too large for the amounts found within vegetation samples.
Moving Average
The moving average is the mean of two samples assumed to be assayed in
sequence. This ensures that the variations in the running mean are aligned with
shifts in time to emphasize cross-contamination between samples or
differences between batches. For example, a highly anomalous sample that has
contaminated subsequent samples would show up as a very slowly descending
slope that causes the moving average to diminish over time. A common
moving average batch anomaly includes incomplete digestion of the sample
material. Typically a lab will group samples into batches of 20 to 40 samples,
where one batch will be processed under the same conditions at the same time.
A batch that has undergone incomplete digestion will show lower
concentrations of the elements in the minerals most resistant to the digestion
method used, especially when compared to the same assay conducted at a
different lab or to a SRM analysed in the same batch. Typically these graphs
are compared to the SRM values in series, but the insertion points for these
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samples are not provided (i.e., lab sample names).
Figure 1 is the average element values of the samples run in an assumed
series based on the sample numbers. Some sample concentrations are plotted
off the chart for visual clarity (e.g., 1998 As values). Based on the assumed
series, there are no obvious indicators of between sample contaminations. The
samples were analysed by INAA, which is a non-destructive technique that does
not rely on digestion of sample material, therefore incomplete digestion errors
are not expected.
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FIGURE 1: Average element values of samples run in an assumed series. Based
on the assumed series, there are no obvious indicators of between sample
contaminations. Below detection limit values are replaced by half the detection
limit for each element.
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Duplicate Sample Verification
Eighty-three (83) outer lodgepole pine bark samples were chosen for duplicate
analysis. All the samples were analysed by Activation Laboratories Ltd.
(Ancaster, ON). The duplicate samples are created by splitting ash produced
from a single sample then sending the splits for analysis. The duplicate
samples, in this report, are considered to be analytical duplicates: they are
used to verify the reproducibility of the post-processing analytical procedure.
Duplicate samples were inserted into the sample stream at a ratio between 1 in
10 and 1 in 20 samples. An error margin of 20% between duplicates and a
passing rate of more than 80% is considered to be within acceptable error
limitations (Tetra Tech, 2012). There are fewer than 50 duplicate pairs of
samples, therefore large-sample Thompson-Howarth error analysis
(Thompson and Howarth, 1976; Stanley and Lawie, 2007) was not conducted.
Duplicate Difference Comparison
The mean value of the duplicates plotted against the difference between the
duplicates is used to show the disparity between duplicates. The difference
between duplicate samples will be displayed as positive, negative or null values.
Duplicate samples that consistently appear on one side of the ideal difference of
zero indicate a failure in assay or sampling procedures. Samples that are located
beyond the 20% error lines signify a duplicate sample failure. For within lab
duplicate comparisons, a 20% error is considered acceptable and is dependent
upon the detection limit values of each element (Tetra Tech, 2012).
Duplicate difference failures may be caused by the ‘nugget effect’,
incomplete sample digestion or may be a sign of changes in a lab’s
methodologies over the course of the sampling period or between different lab
worker’s shifts. The ‘nugget effect’ is caused by short-scale variability and
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random noise that affect the reproducibility of a sample taken at the same
location. Samples affected by short-scale sample variability are often shown in
the duplicate difference graph with values well beyond the acceptable error.
Incomplete sample digestion is the partial chemical disintegration of minerals
resistant to the digestion method used during assaying. Partial chemical
disintegration of samples is often displayed in a duplicate difference graph by
samples with consistently lower gold values than expected. These samples
were analysed by INAA which does not involve sample digestion. Lastly,
fundamental differences in a lab’s methodology may be caused by differences
in sample processing procedures, instrument calibration, lab QA-QC material
standards, matrix correction calculations, instrumental drift (gradual change in
the zero reading of an instrument) or changes in lab procedures/instruments.
Variety of within and between lab methodologies are displayed in the
duplicate difference graph as either consistently negative or consistently
positive difference values.
In Figure 2 the differences between the duplicate samples are plotted against
the average values of each set of duplicates. The duplicate samples with failed
differences, i.e., >20% of the mean are depicted with red circles. The majority
of the failed duplicates are below the detection limit and it is not unexpected
for these samples to fail. All the elements also have 80% or more duplicates
within 20% of each other, except Cs and Rb. For Cs, there were only 5 sets
of duplicates in total. Two of the duplicates are below the detection limit and
two other duplicates are slightly outside the 20% failure line. Based on the
number of duplicates, the detection limit and the closeness to the failure line
the Cs analysis is considered to be satisfactory. For Rb, some of the duplicates
are below the detection limit and other duplicates are outside the 20% failure
line. When the detection limit value of Rb is taken into consideration, less than
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20% of the duplicate samples are outside the failure line. The Rb analyses are
therefore considered to be satisfactory.
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FIGURE 2: The differences between the duplicate samples are plotted against
the average values of each set of duplicates. The duplicate samples with failed
differences are depicted with red circles. The majority of the failed duplicates
are below the detection limit and it is not unexpected for these samples to fail.
Based on the number of duplicates, the detection limit and the closeness to the
failure line all analyses are is considered to be satisfactory. Below detection limit
values are replaced by half the detection limit for each element.
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Duplicate Comparison
The direct comparison between duplicate samples is graphed between two
samples by using the element values from one sample as the X-axis and the
same element values from the duplicate sample on the Y-axis. In this
comparison, duplicate samples were processed as splits of ash; a 20% error
between duplicate analyses is considered to be acceptable (Tetra Tech, 2012).
Any samples that fall outside the 20% error are considered to be fail
duplicates. Failed duplicates may result from incomplete sample digestion, the
‘nugget effect’ where short-scale variability and random noise affect the
reproducibility of a sample taken at distance zero, or sample switching.
Incomplete sample digestion is the partial chemical disintegration into
solution of the minerals most resistant to the digestion method used during
assaying. Partial chemical disintegration is often displayed in a duplicate
comparison graph by series of samples that have consistently lower values
than expected. These samples were analysed by INAA, which does not involve
sample digestion, therefore incomplete digestion is not expected. Samples that
display the ‘nugget effect’ are often shown in the duplicate comparison graph
with widely variable element values between duplicate samples. Lastly,
samples that have been accidentally switched will show up as failed duplicates
on opposite sides of the ±20% error lines and have corresponding values. For
example, one duplicate point may have the XY values of 0.5, 1, but another
duplicate sample may have XY values of 1, 0.5; their locations will appear
roughly parallel on either side of the ±20% error lines on the graph.
The trend in the data were also calculated, using the assumption that there is
a linear relationship between the duplicate samples, and plotted on a duplicate
comparison graph. This relationship is expressed as a correlation coefficient,
R2, where the closer R2 is to 1.00, the increased likelihood that the sample
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assays are precise in relation to one another; R2 values greater than or equal to
0.8 is considered to be acceptable for series of duplicate samples (Tetra Tech,
2012).
Figure 3 contains direct comparisons of the element values for duplicate
‘A’ and duplicate ‘B’ plotted, respectively, as the X and Y axes. The linear
correlation coefficient, R2, has also been calculated and a value greater than
0.80 is considered acceptable for duplicate sample comparisons. The fail
duplicates are represented as red circles around the duplicate sample points of
blue diamonds. Duplicate samples are considered to have failed when they fall
outside of the ±20% error lines. At or near detection limit values for
duplicates may also result in an increase in failure, but this is to be expected.
Four elements were found to have failed the duplicate comparison for certain
years: Cs (1994), K (1996), Rb (1997) and Sr (1996 and 1997). The Cs
failures were possibly due to fewer duplicates due to a smaller sampling
program and the majority of the duplicate samples returning as below the
detection limit of 0.5 ppm Cs. The K duplicate failures may be due to sample
switching and two borderline fails. The Rb duplicates only had 3 failures and
may also be a result of sample switching. The Sr duplicate sample failures
were mainly due to at or below detection limit failures.
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FIGURE 3: Element duplicate comparison of samples assayed. Samples located
outside the ±20% error lines are considered to be failed duplicates. The R2,
linear coefficient, value above 0.8 is considered to be acceptable variation. Below
detection limit values are replaced by half the detection limit for each element.
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Standard Reference Material Sample Verification
Forty-six (46) SRM V6 samples were inserted into the sample stream for
analysis. All the samples were analysed by Activation Laboratories Ltd.
(Ancaster, ON). The SRM V6 samples were placed into the sample stream at a
ratio of 1 in 10 to 1 in 20 samples. V6 is a bulk SRM that is not commercially
available. This SRM was created by the collection of a few tens of kilograms
of pine twigs from a location near Ottawa, Canada to produce material
sufficient for several years’ worth of analyses. The twigs were sent through a
commercial chipper that can shred tree limbs up to 2 cm in diameter. The
shredded material was then passed through a Retsch R© mill to reduce particle
size to less than 1 mm. Homogenization of the material is accomplished by a
proprietary rotating drum at the GSC Lab. The resulting material was
quartered several times, mixed at the CANMET Laboratories and bottled for
future use. The V6 sample has been used continuously for over 15 years and
analysed several thousand times by many analytical methods including INAA
(Dunn, 2007a). An error margin of ±3 standard deviation, with at least 80% of
the SRM within the error margin, is considered to be within acceptable error
limitations (Tetra Tech, 2012).
SRM Process Performance
The element value of the SRM is plotted with respect to the mean of all the
SRM assays, the ±2 and ±3 standard deviations (SDs) of the SRM mean and
the accepted value of the SRM to show any failed SRM samples. Samples that
are located beyond the 3 sigma error lines signify a SRM sample failure. The
assayed SRMs are also expected to fall within the upper and lower confidence
levels for the given elements. The V6 SRM is a custom SRM and does not have
certified upper and lower confidence levels. In this case, the standard deviation
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from Table 1 was used as the accepted value range, although for some elements
this range may be too broad or narrow. Ideally, the mean of all the SRM samples
analysed would fall within the accepted value range for the SRM and the SRM
sample results would plot within 3 SDs of the SRM mean and within the upper
and lower confidence levels. For within lab SRM quality assurance, 80% of the
samples within 3 sigmas is considered acceptable and is dependent upon the
detection limit values of each element (Tetra Tech, 2012).
Standard reference material failures may be caused by the ‘nugget effect’,
incomplete sample digestion or may be an indication of changes in a lab’s
methodologies over the course of the sampling period or between different lab
worker’s shifts. The ‘nugget effect’ is caused by short-scale variability and
random noise that affect the reproducibility of a sample taken at the same
location. Samples affected by short-scale sample variability are often shown in
the process performance graph with values well beyond the acceptable error.
Incomplete sample digestion is the partial chemical disintegration of minerals
resistant to the digestion method used during assaying. Partial chemical
disintegration of samples is often displayed in a process performance graph by
samples with consistently lower element values than expected. These samples
were analysed by INAA which does not involve sample digestion, therefore
incomplete digestion is not expected. Lastly, fundamental differences in a
lab’s methodology may be caused by differences in sample processing
procedures, instrument calibration, lab QA-QC material standards, matrix
correction calculations, instrumental drift (gradual change in the zero reading
of an instrument) or changes in lab procedures/instruments. Variety of within
and between lab methodologies are displayed in the process performance
graph as either consistently below or above the 3 sigma values. Instrumental
drift is often indicated by a decrease or increase in the element value over time
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which may result in a sample failure; with a rebound back to the mean after
the drift correction and may not necessarily indicate a complete failure.
In Figure 4, the SRM values were plotted against the average values of each
element and each year the samples were collected. The SRM samples with
failed performances, i.e., ±3 sigma of the mean are depicted with red circles.
The majority of the failed SRM values were related to instrumental drift: an
increase or decrease in the element value with a rebound back to the mean after
the drift correction. Caesium had one SRM sample return a below detection
limit value (<0.5). Instrumental drift may not necessarily indicate a complete
failure (Tetra Tech, 2012).
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Leveling Geochemical Data
Geochemical leveling is the adjustment of the element concentrations of one
dataset to similar values within a second dataset to account for
non-geologically-based heterogeneity (Grunsky, 2007). The heterogeneity in a
dataset may be cause by variation in the field sampling methods, lab protocols,
and changes in lab instrumentation which would interfere with interpreting
natural variations. This synthetic variation in the data is visible as significantly
different medians between datasets and as failed SRMs that consistently plot
outside of the expected range for a particular element. Typically one dataset is
chosen as representative of the area and the methodology and all other datasets
are leveled to the one dataset (Grunsky, 2007). One method of leveling uses
quantile linear regression and "bands" of specific distances to account for
varying lithology (Daneshfar, 1997; Darnley et al., 1995). Quantile linear
regression is the calculation of the slope and intercept between two datasets
displayed as quantiles: 1, 5, 10, 25, 50, 75, 90, 95 and 99 percentiles. The
quantiles are calculated separately for each dataset, then displayed using a
scatter plot with the x-axis as the dataset in which to be leveled. The linear
regression equation is calculated in Excel by adding a trend line, and its
associated equation, to the quantile scatter plot. The element concentration to
be leveled is then inserted into the equation with x as the original value and y
as the leveled value. This is repeated for each element that requires leveling.
The following elements’ means that are outside the SD of the expected
value of the SRM are Br (1998) and Na (1997 & 1998) (Figure 4). Br also
showed a small difference, 3 ppm, between the medians of the 1997 and 1998
datasets (Table 6), whereas Na showed an absolute difference of 3560 ppm Na.
Sodium is known to be related to underlying lithology whereas, some Br
complexes may be associated with Au mineralization (Dunn, 1986) or may
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FIGURE 4: The SRM performance is evaluated by plotting the SRM values
against the average values of each element with respect to each year the samples
were collected. The SRM samples with failed performances, i.e., ±3 sigma of
the mean are depicted with red circles. Below detection limit values are replaced
by half the detection limit for each element.
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indicate brackish to fresh water deposition of sedimentary rocks (Kirkwood
et al., 2016). In addition, Na and Br values in the NIST certified SRM 1575a
does not provide certified, reference or information values for Br and Na
indicating these elements may be too variable to be certified. The 1997 dataset
is typically underlain by andesitic volcanics, whereas the 1998 dataset is
dominated by the Endako batholith. The 1996 dataset encompasses both these
rock types as evidenced by the median values that tend to lie between the 1997
and 1998 datasets (Table 6) . The differences in the median values between the
1997 and 1998 datasets for Ce, Cr, Eu, Fe, Hf, La, Lu, Mo, Na, Sc, Sm, Th, Yb
(Fe-associated elements) is likely due to the differences in Mo mineralization
extents, soil-plant systems interactions and dominant lithologies: Endako
batholith (1998) and andesitic volcanics (1997) (5). There were no below
detection values for Br in all three datasets. The 1996 dataset was used to level
the Br values since it has no QA-QC failures for these elements, the Br SRM
concentrations are within expected SRM value range (Figure 4), the 1996 Br
median is between the 1997 and 1998 datasets (Table 6) and this dataset
encompasses the widest range in lithologies (Figure 5). The linear regression
equation is shown in Figure 6. The resulting median value is shown in Table 7.
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TABLE 6: Median values of the raw, ilr-EM imputed values for 24 elements.
Gold was not included as it has greater than 80% below detection limit values
for the 1996 and 1997 datasets. Cerium, Cr, Eu, Fe, Hf, La, Lu, Mo, Na, Sc,
Sm, Th, Yb show large differences in median values between the 1997 and 1998
datasets.
Element (unit) 1996 1997 1998 Abs. Diff. (1997-98)
As (ppm) 2.3 1.8 2.4 0.6
Ba (ppm) 470 500 640 140
Br (ppm) 16 12 15 3
Ca (ppm) 267000 312000 291000 21000
Ce (ppm) 11 7 16 9
Co (ppm) 5 4 6 2
Cr (ppm) 10 6 13 7
Cs (ppm) 1.1 0.8 0.9 0.1
Eu (ppm) 0.26 0.16 0.34 0.18
Fe (ppm) 6600 3400 8300 4900
Hf (ppm) 1.0 0.6 1.2 0.6
K (ppm) 37700 32400 40300 7900
La (ppm) 5.6 3.3 7.9 4.6
Lu (ppm) 0.09 0.05 0.12 0.07
Mo (ppm) N/A 14 73 59
Na (ppm) 4860 3050 6610 3560
Rb (ppm) 45 35 40 5
Sb (ppm) 0.7 0.6 0.9 0.3
Sc (ppm) 2.1 1.1 2.5 1.4
Sm (ppm) 0.9 0.6 1.4 0.8
Sr (ppm) 930 1000 1100 100
Th (ppm) 0.9 0.5 1.0 0.5
Yb (ppm) 0.53 0.31 0.69 0.38
Zn (ppm) 1600 1800 1600 200
TABLE 7: Leveled median values of the raw values for Br (1998).
Element (unit) 1996 1997 1998 Abs. Diff. (1997-98)
Br (ppm) 16 12 14 2
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FIGURE 5: The spatial locations of the 1996, 1997 and 1998 datasets in relation
to underlying geology, after Struik (2007). For geological legend see Figure 3.1.
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FIGURE 6: Quantile plots of Br (1996 v. 1998) showing the associated linear
regression equation.
Conclusions and Recommendations
Figure 1 is the average element values of the samples run in an assumed series
based on the sample numbers. Some sample concentrations are plotted off the
chart for visual clarity (e.g., 1998 As values). Based on the assumed series,
there are no obvious indicators of between sample contaminations. The samples
were analysed by INAA, which is a non-destructive technique that does not rely
on digestion of sample material, therefore incomplete digestion errors are not
expected.
In Figure 2, the differences between the duplicate samples are plotted
against the average values of each set of duplicates. The duplicate samples
with failed differences, i.e., >20% of the mean are depicted with red circles.
The majority of the failed duplicates were below the detection limit and it is
not unexpected for these samples to fail. All the elements also have 80% or
more duplicates within 20% of each other, except Cs and Rb. For Cs, there
was a total of 5 sets of duplicates. Two of the duplicates are below the
detection limit and two other duplicates are slightly outside the 20% failure
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line. Based on the number of duplicates, the detection limit and the closeness
to the failure line the Cs analysis is considered to be satisfactory. For Rb, some
of the duplicates are below the detection limit and other duplicates are outside
the 20% failure line. When the detection limit value of Rb is taken into
consideration, less than 20% of the duplicate samples are outside the failure
line. The Rb analyses are therefore considered to be satisfactory.
Figure 3 contains direct comparisons of the element values for duplicate
‘A’ and duplicate ‘B’ plotted, respectively, as the X and Y axes. The linear
correlation coefficient, R2, has also been calculated and a value greater than
0.80 is considered acceptable for duplicate sample comparisons. The fail
duplicates are represented as red circles around the duplicate sample points of
blue diamonds. Duplicate samples are considered to have failed when they fall
outside of the ±20% error lines. At or near detection limit values for
duplicates may also result in an increase in failure, but this is to be expected.
Four elements were found to have failed the duplicate comparison for certain
years: Cs (1994), K (1996), Rb (1997) and Sr (1996 and 1997). The Cs
failures are possibly due to fewer duplicates due to a smaller sampling
program and the majority of the duplicate samples returning as below the
detection limit of 0.5 ppm Cs. The K duplicate failures may be due to sample
switching and 2 borderline fails. The Rb duplicates only had 3 failures and
may also be a result of sample switching. The Sr duplicate sample failures are
mainly due to at or below detection limit failures.
In Figure 4, the SRM values are plotted against the average values of each
element and each year the samples were collected. The SRM samples with
failed performances, i.e., ±3 sigma of the mean are depicted with red circles.
The majority of the failed SRM values are related to instrumental drift: an
increase or decrease in the element value with a rebound back to the mean after
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the drift correction. Instrumental drift may not necessarily indicate a complete
failure.Bromine was found to outside of 3 SD of the SRM expected mean and
were corrected using quantile linear regression.
In conclusion, the quality of the data was determined by calculating the
severity of inconsistency, incompleteness, accuracy, precision and missing or
unknown samples were determined. Inconsistency, incompleteness and
missing or unknown samples were determined by calculating the summary
statistics. The most consistent and complete sets of elements were chosen for
further analysis: 20 elements for the entire bark sampling area, 24 elements for
the Endako Mine subset area and 25 elements for the Blackwater Project area.
The accuracy of the data was determined by calculating the moving average of
the samples in an assumed series and analysing duplicate samples for any
record with greater than 20% deviation from each other. Four elements were
found to have failed the duplicate comparison for certain years: Cs (2010), K
(1996), Rb (1997) and Sr (1996 and 1997). This may be due to sample
switching, small sampling program or borderline fails. The precision of the
data was determined by the analysis of a Standard Reference Material (SRM).
Any SRM that falls beyond 3 sigma of the average SRM value is considered a
failure. The majority of the failed SRM values are related to instrumental drift:
an increase or decrease in the element value with a rebound back to the mean
after the drift correction. Instrumental drift may not necessarily indicate a
complete failure. Overall the accuracy and precision of the data selected is
considered to be satisfactory.
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Scatter Plots 
Bivariate scatter plots that do not account for closure may be misleading. The observed trace element 
association of closed data may appear to represent the area but these patterns are an artifacts of closure and 
do not represent stoichiometric control of element distributions. 
 
Figure 1 Pairwise Scatter Plots of clr transformed values for As, Ba, Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, K 
Pairwise scatterplots show correlation between pairs of elements. Barium has positive correlations with Br, Ca 
and K with negative correlations with Ce and Fe. Bromine has positive correlations with Ca and K with 
negative correlations with Ce and Fe. Calcium has positive correlations with K and negative correlations with 
Ce and Fe. Cerium has a positive correlation with Fe and a negative correlation with K. Chromium exhibits a 
bimodal population and a positive correlation with Fe as well as a negative correlation with K. Europium also 
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exhibits a bimodal population and has a positive correlation with Fe as well as a negative correlation with K. 
Iron has a negative correlation with K. 
 
Figure 2 Pairwise Scatter Plots of clr transformed values for La, Lu, Mo, Na, Rb, Sb, Sc, Sm, Sr, Th, Yb and Zn 
Pairwise scatterplots show correlation between pairs of elements. Lanthanum has positive correlations with 
Lu, Na, Sc, Sm, Th and Yb, as well as negative correlations with Rb and Zn. Lutetium has positive 
correlations with Na, Sc, Sm, Th and Yb, as well as negative correlations with Rb and Zn.. Molybdenum has 
negative correlations with Sc and Yb. Sodium has positive correlations with Sc, Sm, Th, and Yb as well as 
negative correlations are with Rb, Sb, Sr and Zn. Rubidium has positive correlations with Sr and Zn as well as 
negative correlations are with Sc, Sm, Th and Yb. Scandium has positive correlations with Sm, Th and Yb as 
well as negative correlations are with Sr and Zn. Samarium has positive correlations with Th and Yb as well as 
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negative correlations are with Th and Yb. Strontium has a positive correlation with Zn as well as negative 
correlations are with Th and Yb. Ytterbium has a negative correlation with Zn. 
 
Figure 3 Pairwise Scatter Plots of clr transformed values for As, Ba, Br, Ca, Ce, Co, La, Lu, Mo, Na, Rb, Sb and Sc 
Pairwise scatterplots show correlation between pairs of elements. Lanthanum has a positive correlation with 
Ce and negative correlations are with Ba, Br and Ca; similar to Lu. Molybdenum is negatively correlated with 
Co at larger Mo values/smaller Co values. Sodium has a positive correlation with Ce and negative correlations 
are with Ba, Br and Ca. Scandium has a positive correlation with Ce and negative correlations are with Ba, Br 
and Ca. 
As
2.0 4.5 7 10 -2.5 0.0 -6.0 4.5 6.0 -4 0
-4
0
2.
0
4.
5
Ba
Br
-2
.0
1.
0
7
10 Ca
Ce
-1
.5
0.
5
-2
.5
0.
0
Co
La
-2
.0
0.
0
-6
.0 Lu
Mo
-2
2
4.
5
6.
0
Na
Rb
-1
2
-4 0
-4
0
-2.0 1.0 -1.5 0.5 -2.0 0.0 -2 2 -1 2
Sb
377 
 
 
 
 
Figure 4 Pairwise Scatter Plots of clr transformed values for As, Ba, Br, Ca, Ce, Co, Sb, Sc, Sm, Sr, Th, Yb and Zn 
Pairwise scatterplots show correlation between pairs of elements. Samarium has a positive correlation with Ce 
and negative correlations are with Ba, Br and Ca. Strontium has positive correlations with Ba, Br and Ca and 
a negative correlation occur with Ce. Thorium displays a positive correlation with Ce and negative 
correlations occur with Br and Ca. Ytterbium displays a positive correlation occurs with Ce and negative 
correlations are with Ba, Br and Ca. Zinc shows positive correlations with Ba, Br and Ca and a negative 
correlation occurs with Ce. 
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Figure 5 Pairwise Scatter Plots of clr transformed values for Cr, Eu, Fe, Hf, K, La, Lu, Mo, Na, Rb and Sb 
Pairwise scatterplots show correlation between pairs of elements. Lanthanum shows positive correlations 
with Cr, Eu and Fe; a negative correlation occurs with K. Molybdenum shows a negative correlation with Eu. 
Sodium shows positive correlations with Cr, Eu and Fe; a negative correlation occurs with K. Rubidium 
shows a positive correlation with K and a negative correlation with Fe. 
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Figure 6 Pairwise Scatter Plots of clr transformed values for Cr, Cs, Eu, Fe, Hf, K, Sc, Sm, Sr, Th, Yb and Zn 
Pairwise scatterplots show correlation between pairs of elements. Scandium shows positive correlation with 
Cr, Fe and Hf and a negative correlation with K. Samarium shows positive correlations with Cr, Eu and Fe 
and a negative correlation occurs with K. Strontium has a positive correlation with K and negative 
correlations occur with Cr, Eu and Fe. Thorium displays positive correlations with Eu and Fe as well as a 
negative correlation with K. Ytterbium displays a positive correlation with Eu and Fe and a negative 
correlation occurs with K. Zinc shows a positive correlation with K and negative correlations occur with Cr, 
Eu and Fe. 
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In summary, the REE elements analysed (Ce, Eu, La, Lu, Sm, Sc and Yb) correlate with each other and with 
Na, Fe, Hf, Cr and Th. Calcium, Sr and Ba; As and Sb; as well as Sr, K and Rb, are also positively correlated. 
Europium and Cr exhibit bimodal populations. 
Arsenic: Can be toxic 
Absolute arsenic concentrations are not of particular importance because it is regional arsenic 
patterns that assist in delineating zones of Au mineralization. Arsenic should be carefully evaluated 
and distribution patterns assessed with respect to geological context (Dunn, 2007). 
 
Figure 7 As (raw ilr-EM modelled censored values) EDA plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). Recommend normalizing data before conducting further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 5 ppm As (+ markers) and outlier 
values (circle markers) start at 10 ppm As. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values. The Empirical Cumulative Distribution Function shows a 
break in the population at 25 ppm As. The Cumulative Percentage Probability Plot shows a break in 
the data at 25 ppm As. 
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Figure 8 Normal Q-Q Plot for As (raw ilr-EM modelled censored values). 
Normal Q-Q plots help uncover the plausibility of a normal theoretical distribution. A uniform 
distribution would result in a straight line, whereas skewed data would display in a curved line. 
Theoretical quantiles based on a normal distribution are represented by the x-axis, whereas sample 
quantiles are the y-axis. Arsenic has the majority of its samples near the 90th percentile, a skewed-
left population, three outliers and an approximate break in the data at 10 ppm As. 
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Figure 9 As (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. In this case, 
the peak at 3 ppm As may represents the median of the population. 
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Figure 10 As (clr) Bubble Plot using Percentile Intervals. 
The Percentile based map shows the recommended interval values for this centred log ratio 
normalized dataset (see legend in map). The Percentile intervals provide the best match the krigged 
prediction for this element and show the greatest variation. 
  
320000 340000 360000 380000 400000
59
40
00
0
59
60
00
0
59
80
00
0
60
00
00
0
60
20
00
0
EDA Percentile Based Map for As ppm (clr)
Easting (m)
N
or
th
in
g 
(m
)
As ppm (clr)
> -1.43
-1.65 - -1.43
-2.03 - -1.65
-2.3 - -2.03
-2.59 - -2.3
-2.96 - -2.59
-3.09 - -2.96
< -3.09
385 
 
 
 
Barium: Can be toxic 
Distribution patterns of Ba assist in delineating carbonate-rich zones because of the chemical affinity 
of Ba with Sr and Ca (present within carbonates). Intense anomalies are known to occur over 
sulphide bodies and Irish-type Pb-Zn carbonate mineralization; also peripheral enrichment to Au 
mineralization (Dunn, 2007).  
 
Figure 11 Ba (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 1,100 ppm Ba (+ markers). There are 
no outlier values (circle markers). 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 1,000 ppm Ba. The Cumulative Percentage 
Probability Plot also shows a break in the data at 1,000 ppm Ba. 
 
Figure 12 Normal Q-Q Plot for Ba (raw ilr-EM modelled censored values). 
Barium has a normal population and approximate breaks in the data at 225, 275, 900, 950 and 1000 
ppm Ba. Outliers begin at 1000 ppm Ba. 
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Figure 13 Ba (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
550 ppm Ba represents the median. The slight peak at 1,250 ppm Ba may represent different 
lithologies or mineralization. 
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Figure 14 Ba (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.   
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Bromine: Can occur in many complexes 
Halogens: Commonly associated with emplacement of mineral deposits, contained in structure of 
many minerals and within saline fluid inclusions typical of wide range of mineral deposits, volatility 
makes them good pathfinder elements, especially for deep ore bodies (1000 m). Bromine chemical 
species retained in plant ash may be related to the presence of mineralization and speculated that this 
is due to the geochemical halo of a mineral deposit may create physico-chemical conditions that 
produce differing ratios of Br species in vegetation (Dunn, 2007). 
 
Figure 15 Br (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 30 ppm Br (+ markers) and outlier 
values (circle markers) start at 45 ppm Br. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 35 ppm Br. The Cumulative Percentage 
Probability Plot shows a change in slope in the data at 20 ppm Br with a break in the population at 
35 ppm Br. The steps in the data also indicate the analysis for this element may have been 
inappropriate for the concentration levels. 
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Figure 16 Normal Q-Q Plot for Br (raw ilr-EM modelled censored values). 
 
Bromine has a slightly skewed-left population and approximate breaks in the data at 5 and 32 ppm 
Br. Outliers begin at 32 ppm Br. The stepped appearance in the population’s distribution is the 
result of the graph’s scale and is caused by an insufficient detection limit. 
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Figure 17 Br (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
12 ppm Ba represents the median. The slight peaks at 23, 28 and 40 ppm Br may represent different 
lithologies or mineralization. 
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Figure 18 Br (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Calcium*-affect health: Secondary Nutrient 
Calcium zoning can indicate changes in lithology (granite to carbonate-rich). Visual evidence in the 
form of thin twigs (granite) to thick twigs with robust growth (carbonate) (Dunn, 2007) – can affect 
canopy cover? 
 
Figure 19 Ca (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a slightly skewed (right) non-normal distribution; most statistical analyses assume 
the data is normally distributed (bell-curve). It is recommended this data is normalized for further 
statistical analyses. 
Tukey Boxplot indicates that low Ca levels (<5% Ca) are anomalous. 
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Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the curve at 20% Ca. The Cumulative Percentage 
Probability Plot shows a number of breaks in the data and change in the slope (5, 20 and 45) which 
may warrant further study. 
 
Figure 20 Normal Q-Q Plot for Ca (raw ilr-EM modelled censored values). 
Calcium has a normal population and approximate breaks in the data at 50000 (5%), 125000 
(12.5%), 150000 (15%) and 450000 (45%) ppm Ca. Outliers occur at small and large concentrations. 
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Figure 21 Ca (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peaks at 
38% and 48% Ca represent the median of possibly different populations (the median values of the 
1997 and 1998 is 31.2% and 29.0% respectively and would not account for this double peak). The 
slight peaks at 17% and 40% Ca may represent different lithologies. 
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Figure 22 Ca (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Cerium 
Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations near REE deposits 
(>0.02). More primitive plants = more REE. Lanthanum has similar concentrations for Ce with less 
Eu, Yb and Lu in accordance with crustal REE abundances. REE signatures may be useful in 
mapping phases in mineralized and non-mineralized concealed granites. Neodymium anomalies 
occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum value in this dataset is 
180 ppm Ce. 
 
Figure 23 Ce (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 55 ppm Ce (+ markers) and outlier 
values (circle markers) start at 85 ppm Ce. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 75 ppm Ce. The Cumulative Percentage 
Probability Plot shows a change in the slope of the data at 10 ppm Ce and a break in the population 
at 75 ppm Ce. 
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Figure 24 Normal Q-Q Plot for Ce (raw ilr-EM modelled censored values). 
Cerium has a skewed-left population and approximate breaks in the data at 45, 50 and 70 ppm Ce. 
Outliers begin at 70 ppm Ce. 
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Figure 25 Ce (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
10 ppm Ce represents the median. The slight peaks at 30 and 45 ppm Ce may represent different 
lithologies or mineralization. 
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Figure 26 Ce (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Caesium 
Caesium has a strong affinity to K and Rb in most geochemical processes but in plants the K 
association is weak. There can be weak correlation with Au. Background Cs values are typically a few 
ppm but can get up to 3600 ppm in jack pine near Ta-Li-Cs deposits (Dunn, 2007). 
 
Figure 27 Cs (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. Below detection limit values were imputed by the robust isometric log-ratio-expectation 
maximization parametric procedure (ilr-EM). 
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Tukey Boxplot shows breaks in data, anomalous values start at 2.5 ppm Cs (+ markers) and outlier 
values (circle markers) start at 4 ppm Cs. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows changes in the slope and breaks in the population at 2.5 and 4 ppm Cs. 
The Cumulative Percentage Probability Plot shows breaks and changes in the slope of the data at 2.5 
and 4 ppm Cs. 
 
Figure 28 Normal Q-Q Plot for Cs ppm (raw ilr-EM modelled censored values). 
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Caesium has a skewed-left population and approximate breaks in the data at 2, 4, 6 and 10 ppm Cs. 
Outliers begin at 6 ppm Cs. 
 
Figure 29 Cs ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1.75 ppm Cs represents the median. The slight peaks at 4, 6 and 10 ppm Cs may represent different 
lithologies or mineralization. 
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Figure 30 Cs (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Cobalt 
Cobalt follows Ni in geological environs dominated by mafic to ultramafic rocks. In other environs 
Co may be independent. Occasionally, spatial relationship between Co and Au deposits with a zone 
of Co enrichment peripheral to a central zone of larger Au values (Dunn, 2007). 
 
Figure 31 Co ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
0 5 10 15
0
50
100
150
200
Histogram
Co ppm
 
N = 485
0 5 10 15
Tukey Boxplot
Co ppm
N = 485
0 5 10 15
0.0
0.2
0.4
0.6
0.8
1.0
Empirical Cumulative Distribution
Function (ECDF)
Co ppm
 
N = 485
0 5 10 15
% Cumulative Percentage
(Normal) Probability (CPP) Plot
Co ppm
 
1
10
50
90
99
N = 485
408 
 
 
 
Tukey Boxplot shows breaks in data, anomalous values start at 13 ppm Co (+ markers). There are 
no outlier values (circle markers). 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows steps in the data which indicates an inappropriate assay method for 
this range in concentrations. A break in the population occurs at 12 ppm Co. The Cumulative 
Percentage Probability Plot also shows steps in the slope of the data which indicates an 
inappropriate assay method. A break and change in slope of the data occurs at 15 ppm Co. 
 
Figure 32 Normal Q-Q Plot for Co ppm (raw ilr-EM modelled censored values). 
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Cobalt has a slightly skewed-left population and approximate breaks in the data at 1 and 14 ppm Co. 
Outliers begin at 4 ppm Co. The stepped appearance in the population’s distribution is the result of 
the graph’s scale and is caused by an insufficient detection limit. 
 
Figure 33 Co ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
3 ppm Co represents the median. The slight peaks at 7 and 11 ppm Co may represent different 
lithologies or mineralization. 
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Figure 34 Co (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Chromium: Essential Trace Element (trivalent state) 
Larger levels of Cr can occur over ultramafic rocks; especially with Cr-Co mineralization or over Au 
mineralization (Dunn, 2007). 
 
Figure 35 Cr ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 40 ppm Cr (+ markers) and outlier 
values (circle markers) start at 60 ppm Cr. 
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Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 48 ppm Cr. The Cumulative Percentage 
Probability Plot shows a change in the slope at 10 ppm Cr and a break and change in the slope of 
the data at 48 ppm Cr. 
 
Figure 36 Normal Q-Q Plot for Cr ppm (raw ilr-EM modelled censored values). 
Chromium has a slightly skewed-left population and approximate breaks in the data at 33 and 45 
ppm Cr. Outliers begin at 35 ppm Cr. The stepped appearance in the population’s distribution is the 
result of the graph’s scale and by an insufficient detection limit. 
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Figure 37 Cr ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
10 ppm Cr represents the median. The slight peaks at 25, 42 and 55 ppm Cr may represent different 
lithologies or mineralization. 
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Figure 38 Cr (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Europium 
Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations near REE deposits 
(>0.02). More primitive plants = more REE. Lanthanum has similar concentrations for Ce with less 
Eu, Yb and Lu in accordance with crustal REE abundances. REE signatures may be useful in 
mapping phases in mineralized and non-mineralized concealed granites. Neodymium anomalies 
occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum value in this dataset is 
2.35 ppm Eu. 
 
Figure 39 Eu ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 1.25 ppm Eu (+ markers) and outlier 
values (circle markers) start at 1.75 ppm Eu. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows change in the slope of the data at 0.1 ppm Eu. This is due to a large 
number of samples being below the detection limit of the assay method. There is also a break in the 
population at 1.4 ppm Eu. The Cumulative Percentage Probability Plot also shows a change in the 
slope of the data at 0.1 ppm Eu (at the detection limit) with a distinct break in the population at 1.75 
ppm Eu. 
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Figure 40 Normal Q-Q Plot for Eu ppm (raw ilr-EM modelled censored values). 
 Europium has a slightly skewed-left population and approximate breaks in the data at 0.1, 0.8, 1.0, 
1.2, 1.3 and 1.4 ppm Eu. Outliers begin at 1.4 ppm Eu. There is a steep step at 0.1 ppm Eu which is 
likely the differentiation between the massive composite batholith in the area, the pluton to the 
southeast and the remaining underlying geology 
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Figure 41 Eu ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.2 ppm Eu represents the median. The slight peaks at 0.8, 1.25 and 1.75 ppm Eu may represent 
different lithologies or mineralization. 
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Figure 42 Eu (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Hafnium 
Generally soil with high pH and carbonate concentrations are more prone to cause Fe deficiency. 
Higher Fe concentrations indicate ultramafic to mafic rocks and can be used to assist map concealed 
bedrock. The 'Iron Factor' includes some or all multi-element associations (PCA) with Al, Fe, Hf, 
Na, REE, Sc, Ti and sometimes Co, Cs, Ni, Pb, Th and U. Locally Au-rich areas that are associated 
with Fe Factor include As, Sb, and Cr. Iron element concentrations are unique to plant species 
(Dunn, 2007).  
 
Figure 43 Hf ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 4.25 ppm Hf (+ markers). There are 
no outlier values. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope at 0.5 ppm Hf and a break in the population at 
4.25 ppm Hf. The Cumulative Percentage Probability Plot shows changes in the slope at 0.5 ppm 
Hfand a break in the population at 0.5 and 1.8 ppm Hf. 
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Figure 44 Normal Q-Q Plot for Hf ppm (raw ilr-EM modelled censored values). 
Hafnium has a slightly skewed-left population and approximate breaks in the data at 0.5 and3.75 
ppm Hf. Outliers begin at 3.75 ppm Hf. The stepped appearance in the population’s distribution is 
the result of the graph’s scale and is caused by an insufficient detection limit. 
-3 -2 -1 0 1 2 3
0
1
2
3
4
5
Normal Q-Q Plot
Theoretical Quantiles
S
am
pl
e 
Q
ua
nt
ile
s
423 
 
 
 
 
Figure 45 Hf ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.7 ppm Hf represents the median. The slight peaks at 2.5 and 3.5 ppm Hf may represent different 
lithologies. 
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Figure 46 Hf (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Iron: Micronutrient 
Generally soil with high pH and carbonate concentrations are more prone to cause Fe deficiency. 
Higher Fe concentrations indicate ultramafic to mafic rocks and can be used to assist map concealed 
bedrock. The 'Iron Factor' includes some or all multi-element associations (PCA) with Al, Fe, Hf, 
Na, REE, Sc, Ti and sometimes Co, Cs, Ni, Pb, Th and U. Locally Au-rich areas that are associated 
with Fe Factor include As, Sb, and Cr. Iron element concentrations are unique to plant species 
(Dunn, 2007). Note Fe lows proximal to As and Ba highs as well as overlapping with Zn highs 
towards the West. Iron highs overlap with Co, Cr, REE highs towards the East. 
 
Figure 47 Fe ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 2.8% Fe (+ markers). There are no 
outlier values (circle markers). 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 2.8% Fe and 3.8% Fe which warrant 
further study. The Cumulative Percentage Probability Plot also shows breaks in the population at 
2.8% Fe and 3.8% Fe, plus a change in the slope of the data at 0.5% Fe which warrant further study. 
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Figure 48 Normal Q-Q Plot for Fe ppm (raw ilr-EM modelled censored values).  
Iron has a slightly skewed-left population and approximate breaks in the data at 700 (0.07%), 2800 
(0.28%), 10000 (1%), 20000 (2%), 25000 (2.5%), 28000 (2.8%) and 30000 (3%) ppm Fe. Outliers 
begin at 30000 ppm Fe. 
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Figure 49 Fe ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.5% Fe represents the median. The slight peaks at 2% and 2.8% Fe may represent different 
lithologies or mineralization. 
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Figure 50 Fe (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Molybdenum: Micronutrient 
Molybdenum in vegetation is a significant pathfinder for Cu-Mo, Cu-Au-Mo, W-Mo and other Mo 
bearing deposits, Cu-Mo porphyries and is better defined by Mo in vegetation than Cu. The 
concentration of Mo may relate to depth of overburden in various tissues in plants (roots compared 
to leaves). Large Mo halos from mining dust around Mo mine operations (e.g. Endako- background 
5-10 ppm, median 78 ppm and 95 percentile 717 ppm), but can also indicate Mo mineralization 
extents in unmined deposits. Molybdenum dust from mining activities can produce false halos in Mo 
concentrations. Correlation with K helps target Mo mineralization (Dunn, 2007). 
 
Figure 51 Mo ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows an extremely skewed (left) non-normal distribution; most statistical analyses 
assume the data is normally distributed (bell-curve). It is recommended this data is normalized for 
further statistical analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 1,500 ppm Mo (+ markers) and 
outlier values (circle markers) start at 1,700 ppm Mo. Due to the extreme skewness of the data it is 
recommended the data is normalized. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 2,000 ppm Mo. The Cumulative Percentage 
Probability Plot also shows a break in the population at 2,000 ppm Mo. 
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Figure 52 Normal Q-Q Plot for Mo ppm (raw ilr-EM modelled censored values). 
Molybdenum has a skewed-left population and approximate breaks in the data at 1500 and 2000 
ppm Mo. Outliers begin at 2000 ppm Mo 
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Figure 53 Mo ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The data is 
extremely skewed (left) and it is not possible to identify distinct populations within the data. 
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Figure 54 Mo (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. Largest 
values are centred on the Endako Mine location.  
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Potassium: Primary Macronutrient 
Trends in K enrichment sometimes are attributed to bedrock alteration; particularly where K-
feldspar has been degraded due to weathering or K metasomatism (which can indicate metalliferous 
porphyry environments). Up to 2.86% K correspond with highest Mo concentrations but K is 
supplementary in support of Mo interpretation (Dunn, 2007). The largest K value in this dataset is 
15% K. 
 
Figure 55 K ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 7.5% K (+ markers) and outlier 
values (circle markers) start at 10% K. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 8% K. The Cumulative Percentage 
Probability Plot shows a break in the data at 8% K. 
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Figure 56 Normal Q-Q Plot for K ppm (raw ilr-EM modelled censored values). 
Potassium has a normal population and approximate breaks in the data at 18000 (1.8%), 21000 
(2.1%), 50000 (5%), 70000 (7%) and 80000 (8%) ppm K. Outliers occur at small and large 
concentrations. 
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Figure 57 K ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
4% ppm K represents the median. The slight peaks at 6% and 8% K may represent different 
lithologies or mineralization. 
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Figure 58 K (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Lanthanum 
Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations near REE deposits 
(>0.02). More primitive plants = more REE. Lanthanum has similar concentrations for Ce with less 
Eu, Yb and Lu in accordance with crustal REE abundances. REE signatures may be useful in 
mapping phases in mineralized and non-mineralized concealed granites. Neodymium anomalies 
occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum value in this dataset is 80 
ppm La. 
 
Figure 59 La ppm (raw ilr-EM modelled censored values) EDA plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 25 ppm La (+ markers) and outlier 
values (circle markers) start at 40 ppm La. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 40 ppm La. The Cumulative Percentage 
Probability Plot shows a change in the slope of the data at 5 ppm La and at 35 ppm La, plus there is 
a break in the population at 40 ppm La which warrants further study. 
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Figure 60 Normal Q-Q Plot for La ppm (raw ilr-EM modelled censored values). 
Lanthanum has a slightly skewed-left population and approximate breaks in the data at 10, 15, 20, 25 
and 35 ppm La. Outliers begin at 25 ppm La. 
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Figure 61 La ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
5 ppm La represents the median. The slight peaks at 15, 20 and 35 ppm La may represent different 
lithologies or mineralization. 
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Figure 62 La (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Lutetium 
Generally soil with high pH and carbonate concentrations are more prone to cause Fe deficiency. 
Higher Fe concentrations indicate ultramafic to mafic rocks and can be used to assist map concealed 
bedrock. The 'Iron Factor' includes some or all multi-element associations (PCA) with Al, Fe, Hf, 
Na, REE, Sc, Ti and sometimes Co, Cs, Ni, Pb, Th and U. Locally Au-rich areas that are associated 
with Fe Factor include As, Sb, and Cr. Iron element concentrations are unique to plant species 
(Dunn, 2007).  
 
Figure 63 Lu ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 0.2 ppm Lu (+ markers) and outlier 
values (circle markers) begin at 0.4 ppm Lu. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope and a break in the population at 0.2 ppm Lu. The 
Cumulative Percentage Probability Plot also shows a change in the slope and a break in the 
population at 0.2 ppm Lu. 
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Figure 64 Normal Q-Q Plot for Lu ppm (raw ilr-EM modelled censored values). 
Lutetium has a slightly skewed-left population and approximate breaks in the data at 0.3, 0.35 and 
0.45 ppm Lu. Outliers begin at 0.45 ppm Lu. The stepped appearance in the population’s 
distribution is the result of the graph’s scale and is caused by an insufficient detection limit. 
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Figure 65 Lu ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.07 ppm Lu represents the median. The slight peaks at 0.3, 0.4, 0.5 and 0.6 ppm Lu may represent 
different lithologies. 
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Figure 66 Lu (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Sodium: Trace Beneficial Element 
Occasionally sodium can assist in lithogeochemical mapping Na-rich volcanic rocks, albitization and 
zones of Na metasomatism to provide focus for areas of mineralization. Caution should be used for 
areas along the coast and in northern climates along roadsides due to salted roads in the winter 
(Dunn, 2007). 
 
Figure 67 Na ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 24,000 ppm Na (+ markers). 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 28,000 ppm Na. The Cumulative 
Percentage Probability Plot shows a change in the slope of the data at 5,000 ppm Na and at 24,000 
ppm Na with a break in the population at 25,000 ppm Na which warrant further study. 
 
Figure 68 Normal Q-Q Plot for Na ppm (raw ilr-EM modelled censored values). 
Sodium has a slightly skewed-left population and approximate breaks in the data at 10000, 12000, 
16000, 18000, 19000, 20000 and 22000 ppm Na. Outliers begin at 22000 ppm Na. 
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Figure 69 Na ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
4,000 ppm Na represents the median. The slight peaks at 12,000, 18,000 and 25,000 ppm Na may 
represent different lithologies or mineralization. 
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Figure 70 Na (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Rubidium: Essential Micronutrient (possible) 
Rubidium is the 16th most abundant element on Earth. When there is no positive correlation with K 
or Cs, and when Rb is concentrated with Sr this may indicate proximity to kimberlites. Rubidium 
forms chemical compounds that can be very soluble; especially in carbonates. Rubidium is 
commonly enriched in phlogopite contained within kimberlite where it is likely to occur at 
interlattice sites substituting for K and held between lattice layers by weak van der Waals force. 
Carbonatization occurs with many kimberlites and during weathering weak carbonic acids may strip 
Rb from phlogopite and transport in solution until absorbed by plants in the acidic environment 
around roots (Dunn, 2007). 
 
Figure 71 Rb ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 97 ppm Rb (+ markers) and outlier 
values (circle markers) start at 140 ppm Rb. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 100 ppm Rb. The Cumulative Percentage 
Probability Plot shows a change in the curve of the data at 97 ppm Rb and a break in the population 
at 100 ppm Rb. 
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Figure 72 Normal Q-Q Plot for Rb ppm (raw ilr-EM modelled censored values). 
 Rubidium has a slightly skewed-left population and approximate breaks in the data at 25, 30, 40, 45, 
60, 70 and 80 ppm Rb. Outliers begin at 100 ppm Rb. 
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Figure 73 Rb ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The double 
peaks at 35 and 45 ppm Rb represents the variation of the medians of the samples taken between 
1997 and 1998. The slight peaks at 97 and 130 ppm Rb may represent different lithologies or 
mineralization. 
0 50 100 150 200
0.
00
0
0.
00
5
0.
01
0
0.
01
5
0.
02
0
Density Plot
Rb ppm
D
en
si
ty
458 
 
 
 
 
Figure 74 Rb (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Antimony: Non-Essential but readily up taken 
Zones occur over or near Au-As-Sb mineralization. There is commonly a clear but subtle 
relationship of Sb in plant tissues to the zone of mineralization (Dunn, 2007).  
 
Figure 75 Sb ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows am extremely skewed (left) non-normal distribution; most statistical analyses 
assume the data is normally distributed (bell-curve). It is recommended this data is normalized for 
further statistical analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 1.3 ppm Sb (+ markers) and outlier 
values (circle markers) start at 2.6 ppm Sb. 
0 200 400 600
0
100
200
300
400
500
Histogram
Sb ppm
 
N = 485
0 200 400 600
Tukey Boxplot
Sb ppm
N = 485
0 200 400 600
0.0
0.2
0.4
0.6
0.8
1.0
Empirical Cumulative Distribution
Function (ECDF)
Sb ppm
 
N = 485
0 200 400 600
% Cumulative Percentage
(Normal) Probability (CPP) Plot
Sb ppm
 
1
10
50
90
99
N = 485
460 
 
 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows an extremely skewed (left) population. A large break in the population 
occurs 10 ppm Sb. The Cumulative Percentage Probability Plot starts to show large breaks in the 
data at 10 ppm Sb. 
 
Figure 76 Normal Q-Q Plot for Sb ppm (raw ilr-EM modelled censored values). 
Antimony has a skewed-left population and approximate breaks in the data at 1.3 and 2.6 ppm Sb. 
Outliers begin at 2.6 ppm Sb. 
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Figure 77 Sb ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The data is 
extremely skewed (left) representing extreme outliers in the population.  
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Figure 78 Sb (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Scandium 
Anomalous Sc levels should be checked with Fe and Al data to see if there is a corresponding 
increase as Sc is closely associated with Fe or Al in plant tissues. To date there is no obvious 
assistance in mineral exploration (Dunn, 2007). There is a very strong correlation with Fe in this 
dataset. 
 
Figure 79 Sc ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 9 ppm Sc (+ markers), whereas 
outlier values begin at 14 ppm Sm (circle markers). 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope of the data at 5 ppm Sc and at 7 ppm Sc. Breaks 
in the population start at 11 ppm Sc. The Cumulative Percentage Probability Plot shows a change in 
the slope of the data at 2 ppm Sc and breaks starting at 10 ppm Sc. 
 
Figure 80 Normal Q-Q Plot for Sc ppm (raw ilr-EM modelled censored values). 
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Scandium has a slightly skewed-left population and approximate breaks in the data at 3.5, 4.0, 6.0, 
7.0, 8.2, 9.0, 9.5 and 11 ppm Sc. Outliers begin at 10 ppm Sc. 
 
Figure 81 Sc ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
2 ppm Sc represents the median. The slight peaks at 8 ppm Sc may represent different lithologies or 
mineralization. 
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Figure 82 Sc (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Samarium 
Values of 0.56 ppm Sm are known to occur adjacent to kimberlite, whereas 0.8 ppm Sm occurs near 
REE-bearing allanite. Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations 
near REE deposits (>0.02). More primitive plants = more REE. Lanthanum has similar 
concentrations for Ce with less Eu, Yb and Lu in accordance with crustal REE abundances. REE 
signatures may be useful in mapping phases in mineralized and non-mineralized concealed granites. 
Neodymium anomalies occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum 
value in this dataset is 13 ppm Sm. 
 
Figure 83 Sm ppm (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 5 ppm Sm (+ markers) and outlier 
values (circle markers) start at 8 ppm Sm. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in slope at 4 ppm Sc and a break in the population at 5.5 ppm 
Sm. The Cumulative Percentage Probability Plot shows changes in the slope of the data at 1.5, 3, 4 
and 5.5 ppm Sm. A break in the population occurs at 5.5 ppm Sm. 
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Figure 84 Normal Q-Q Plot for Sm ppm (raw ilr-EM modelled censored values). 
Samarium has a slightly skewed-left population and approximate breaks in the data at 0.5, 1.5, 3.75, 
4.0, 4.25and 5.5 ppm Sm. Outliers begin at 6 ppm Sm. 
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Figure 85 Sm ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1 ppm Sm represents the median. The slight peaks at 3 and 4.5 ppm Sm may represent different 
lithologies or mineralization. 
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Figure 86 Sm (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Strontium: Essential Element (some plants) 
Positive correlations of Sr and Ca sometimes occur in association with mineralization. Plants 
growing on carbonates frequently show positive correlations among Ca, Sr and Ba with common 
values ranging from 20-30-100 ppm (Dunn, 2007). There is a moderate positive correlation between 
Ca, Sr and Ba. 
 
Figure 87 Sr ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a near-normal distribution; most statistical analyses assume the data is normally 
distributed (bell-curve). 
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Tukey Boxplot shows breaks in data, anomalous values start at 1,700 ppm Sr (+ markers) and outlier 
values (circle markers) start at 2,800 ppm Sr. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows steps in the curve of the data starting at 1,100 ppm Sr. This may relate 
to the below detection limit values of <2 and the much larger above detection limit values of >300. 
The detection limit was not available for this dataset and may be incorrect or different between each 
year of the study. The steps in population may relate to an inappropriate analysis method for the 
range in values of the population for different years. A significant break in the population occurs at 
2,200 ppm Sr. The Cumulative Percentage Probability Plot shows a significant break at 300 ppm Sr 
and steps in the populations after 2,100 ppm Sr which possibly relates to the detection limit as 
mentioned earlier. A significant break in the population also occurs at 2,200 ppm Sr. 
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Figure 88 Normal Q-Q Plot for Sr ppm (raw ilr-EM modelled censored values). 
 Strontium has a slightly skewed-left population and approximate breaks in the data at 500 and 1750 
ppm Sr. Outliers begin at 1750 ppm Sr. The stepped appearance in the population’s distribution is 
the result of the graph’s scale and is caused by an insufficient detection limit. 
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Figure 89 Sr ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1,000 ppm Sr represents the median. The slight peaks at 2,000 and 2,300 ppm Sr may represent 
different lithologies or mineralization. 
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Figure 90 Sr (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Thorium 
Thorium has a geochemical affinity with U but distinctly different biogeochemical distribution 
patterns. Modest increases in Th are noted over and around mineral deposits: PGE deposit = 0.5 
ppm, Old Nick Ni = 0.55 ppm, Jasper Au Mine = 3.6 ppm, North Mara Au = 0.14 ppm (Dunn, 
2007). The largest Th value is 11 ppm Th (1998 data). 
 
Figure 91 Th ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 3.75 ppm Th (+ markers) and outlier 
values (circle markers) start at 7.75 ppm Th. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 4.5 ppm Th. The Cumulative Percentage 
Probability Plot shows a change in the slope of the data at 1, 3 and 4 ppm Th. A break in the 
population occurs at 5 ppm Th.  
 
Figure 92 Normal Q-Q Plot for Th ppm (raw ilr-EM modelled censored values). 
-3 -2 -1 0 1 2 3
0
2
4
6
8
10
Normal Q-Q Plot
Theoretical Quantiles
S
am
pl
e 
Q
ua
nt
ile
s
479 
 
 
 
Thorium has a slightly skewed-left population and approximate breaks in the data at 3 and 4 ppm 
Th. Outliers begin at 4 ppm Th. 
 
Figure 93 Th ppm (raw ilr-EM modelled censored values) Density Plot 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.5 ppm Th represents the median. The slight peak at 3 ppm Th may represent different lithology or 
mineralization. 
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Figure 94 Th (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
  
320000 340000 360000 380000 400000
59
40
00
0
59
60
00
0
59
80
00
0
60
00
00
0
60
20
00
0
EDA Percentile Based Map for Th ppm (clr)
Easting (m)
N
or
th
in
g 
(m
)
Th ppm (clr)
> -2.56
-2.71 - -2.56
-3.07 - -2.71
-3.38 - -3.07
-3.67 - -3.38
-4.33 - -3.67
-4.62 - -4.33
< -4.62
481 
 
 
 
Ytterbium 
Ytterbium concentrations tend to be 0.01 ppm near REE deposits and 0.08 ppm adjacent to 
kimberlites (Dunn, 2007). The largest ytterbium value is 5.5 ppm Yb. 
 
Figure 95 Yb ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
Tukey Boxplot shows breaks in data, anomalous values start at 2.75 ppm Yb (+ markers) and outlier 
values (circle markers) start at 4.25 ppm Yb. 
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Figure 96 Normal Q-Q Plot for Yb ppm (raw ilr-EM modelled censored values). 
Ytterbium has a slightly skewed-left population and approximate breaks in the data at 1 and 2.5 ppm 
Yb. Outliers begin at 3 ppm Yb. 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a significant break in the data at 3.5 ppm Yb. The Cumulative 
Percentage Probability Plot shows a change in the slope of the data at 0.5 ppm Yb and at 3.25 ppm 
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Yb. Clustering of the data at also occurs at 3 ppm Yb with a major break in the population at 3.75 
ppm Yb. 
 
Figure 97 Yb ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.4 ppm Yb represents the median. The slight peaks at 1.25, 2.25 and 3.25 ppm Yb may represent 
different lithologies or mineralization. 
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Figure 98 Yb (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Zinc: Micronutrient 
Some variability may be due to health of the tree rather than subtle changes in substrate. Substantial 
changes could relate to Zn mineralization. Cadmium is often associated with Zn in soil but not in 
living tissue therefore Cd could be better pathfinder than Zn for zinc mineralization. Common 
background levels in pine bark are 30-50 ppm with 100 ppm being unusually high (Dunn, 2007). 
The largest Zn value in this dataset is 4,100 ppm Zn. 
 
Figure 99 Zn ppm (raw ilr-EM modelled censored values) EDA Plots. 
Histogram shows a near-normal distribution; most statistical analyses assume the data is normally 
distributed (bell-curve).  
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Tukey Boxplot shows breaks in data, anomalous values start at 3,700 ppm Zn (+ markers). 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 3,700 ppm Zn. The steps in the curve of 
the population may relate to an inappropriate assay method. The Cumulative Percentage Probability 
Plot shows a near-normal distribution with a break in the population at 3,700 ppm Zn. 
 
Figure 100 Normal Q-Q Plot for Zn ppm (raw ilr-EM modelled censored values). 
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Zinc has a normal population and approximate breaks in the data at 500 and 3200 ppm Zn. Outliers 
begin at 3200 ppm Zn. The stepped appearance in the population’s distribution is the result of the 
graph’s scale and is caused by an insufficient detection limit. 
 
Figure 101 Zn ppm (raw ilr-EM modelled censored values) Density Plot. 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1,800 ppm Zn represents the median of a near-normal distribution of data. 
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Figure 102 Zn (clr) Bubble Plot using Percentile Intervals. 
A Percentile map showing the recommended bubble plot intervals of normalized values.  
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Appendix B: Nechako NATMAP Exploratory Data Analysis lodgepole pine 1994 (2010)  
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Scatter Plots 
Bivariate scatter plots that do not account for closure may be misleading. The observed trace element 
association of closed data may appear to represent the area but these patterns are an artifacts of closure and 
do not represent stoichiometric control of element distributions. 
 
Figure 1 Pairwise Scatter Plots of clr transformed values for As, Au, Ba, Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, K 
 
Pairwise scatterplots show correlation between pairs of elements. Arsenic has a positive correlation with Au. 
Barium has positive correlations with Br, Ca and K with negative correlations with Ce and Fe. Bromine has 
positive correlations with Ca and negative correlations with Ce, Eu and Fe. Calcium has positive correlations 
with K, negative correlations with Ce and Fe and exhibits outliers at the smaller Ca values. Cerium has a 
positive correlation with Fe and a negative correlation with K. Chromium has a positive correlation with Fe, a 
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negative correlation with K and an outlier of the smallest Cr value. Europium has a positive correlation with 
Fe as well as a negative correlation with K. Iron has a negative correlation with K. Potassium exhibits outliers 
at the smaller K values. 
 
 
Figure 2 Pairwise Scatter Plots of clr transformed values for La, Lu, Mo, Na, Rb, Sb, Sc, Sm, Sr, Th, Yb and Zn 
 
Pairwise scatterplots show correlation between pairs of elements. Lanthanum has positive correlations with 
Lu, Na, Sc, Sm, Th and Yb, as well as negative correlations with Rb and Zn. Lutetium has positive 
correlations with Na, Sc, Sm, Th and Yb, as well as a negative correlation with Zn. Sodium has positive 
correlations with Sc, Sm, Th, and Yb. Rubidium has positive correlations with Sr and Zn as well as negative 
correlations are with Sc, Sm, Th and Yb. Scandium has positive correlations with Sm, Th and Yb as well as 
negative correlations are with Sr and Zn. Samarium has positive correlations with Th and Yb as well as 
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negative correlations are with Th and Yb. Strontium has a positive correlation with Zn as well as negative 
correlations are with Th and Yb. Ytterbium has a negative correlation with Zn. 
 
 
Figure 3 Pairwise Scatter Plots of clr transformed values for As, Au, Ba, Br, Ca, Ce, Co, La, Lu, Mo, Na, Rb, and Sb 
 
Pairwise scatterplots show correlation between pairs of elements. Lanthanum has positive correlations with 
Ce, Lu and Na as well as negative correlations are with Ba, Br and Ca; similar to Lu. 
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Figure 4 Pairwise Scatter Plots of clr transformed values for As, Ba, Br, Ca, Ce, Co, Sb, Sc, Sm, Sr, Th, Yb and Zn 
 
Pairwise scatterplots show correlation between pairs of elements. Scandium has positive correlations with Sm, 
Th, and Yb as well as negative correlation with Sr and Zn. Samarium has a positive correlation with Ce and 
negative correlations are with Ba, Br and Ca. Strontium has positive correlations with Ba, Br and Ca and a 
negative correlation occur with Ce. Thorium displays a positive correlation with Ce and negative correlations 
occur with Br and Ca. Ytterbium displays a positive correlation occurs with Ce and negative correlations are 
with Ba, Br and Ca. Zinc shows positive correlations with Br and Ca as well as a negative correlation with Ce. 
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Figure 5 Pairwise Scatter Plots of clr transformed values for Cr, Eu, Fe, Hf, K, La, Lu, Mo, Na, Rb and Sb 
 
Pairwise scatterplots show correlation between pairs of elements. Lanthanum shows positive correlations 
with Cr, Eu, Fe and Hf as well as a negative correlation occurs with K. Sodium shows positive correlations 
with Cr, Eu and Fe as well as a negative correlation occurs with K. Rubidium shows positive correlations with 
Cs and K as well as negative correlations with Eu and Fe. 
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Figure 6 Pairwise Scatter Plots of clr transformed values for Cr, Cs, Eu, Fe, Hf, K, Sc, Sm, Sr, Th, Yb and Zn 
 
Pairwise scatterplots show correlation between pairs of elements. Scandium shows positive correlation with 
Eu, Fe and Hf and a negative correlation with K. Samarium shows positive correlations with Cr, Eu and Fe 
and a negative correlation occurs with K. Strontium has a negative correlations occur with Fe. Ytterbium 
displays a positive correlation with Eu and Fe as well as a negative correlation occurs with K. Zinc shows a 
positive correlation with K and negative correlations occur with Cr, Eu and Fe. 
 
In summary, the REE elements analysed (Ce, Eu, La, Lu, Sm, Sc and Yb) correlate with each other and with 
Na, Fe, Hf, Cr and Th. Calcium, Sr, Ba and Zn; as well as Sr, K and Rb, are also positively correlated. 
Calcium and K exhibit outliers at the smallest values. 
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Gold 
Background gold levels are typically 1 ppb Au or lower.  Gold should be carefully evaluated for the 
nugget effect point anomalies and substantiated with pathfinder elements (As, Sb, Hg, Bi, etc.) 
(Dunn, 2007). The maximum gold concentration in this data set is 733 ppb Au. 
 
Figure 7 Au (raw ilr-EM modelled censored values) EDA plots. 
 
Histogram shows an extremely skewed (left) non-normal distribution; most statistical analyses 
assume the data is normally distributed (bell-curve). Recommend normalizing data before 
conducting further statistical analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 13 ppb Au (+ markers) and outlier 
values (circle markers) start at 100 ppb Au. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values. The Empirical Cumulative Distribution Function shows a 
break in the population at 100 ppb Au. The Cumulative Percentage Probability Plot shows a break 
in the data at 100 ppb Au. 
 
Figure 8 Normal Q-Q Plot for Au (ppm) with imputed below detection limit values using 
the robust isometric log-ratio (ilr) expectation-maximization algorithm. 
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Gold has the majority of its samples near the 90th percentile, a skewed-left population, four outliers 
and an approximate break in the data at 0.04 (40 ppb) ppm Au. 
 
 
Figure 9 Au (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. In this case, 
the peak at 5 ppb Au represents the median of the population.  
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Figure 10 Au (clr) Bubble Plot using Percentile Intervals. 
 
The Percentile based map shows the recommended interval values for this centred log ratio 
normalized dataset (see legend in map). 
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Arsenic: Can be toxic 
Absolute arsenic concentrations are not of particular importance because it is regional arsenic 
patterns that assist in delineating zones of Au mineralization. Arsenic should be carefully evaluated 
and distribution patterns assessed with respect to geological context (Dunn, 2007). 
 
Figure 11 As (raw) EDA plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). Recommend normalizing data before conducting further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 15 ppm As (+ markers) and outlier 
values (circle markers) start at 28 ppm As. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values. The Empirical Cumulative Distribution Function shows a 
break in the population at 10 ppm As. The Cumulative Percentage Probability Plot shows a break in 
the data at 10 ppm As. 
 
Figure 12 Normal Q-Q Plot for As (ppm). 
 
Arsenic has a slightly slewed-left population and approximate breaks in the data at 3, 5, 8, 9 and 10 
ppm As. Outliers begin at 10 ppm As. 
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Figure 13 As (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. In this case, 
the peak at 3 ppm As may represents the median of the population, whereas the peaks at 15 ppm 
and 28 ppm As may represent changes in lithology or mineralization. 
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Figure 14 As (clr) Bubble Plot using Percentile Intervals. 
 
The Percentile based map shows the recommended interval values for this centred log ratio 
normalized dataset (see legend in map). 
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Barium: Can be toxic 
Distribution patterns of Ba assist in delineating carbonate-rich zones because of the chemical affinity 
of Ba with Sr and Ca (present within carbonates). Intense anomalies are known to occur over 
sulphide bodies and Irish-type Pb-Zn carbonate mineralization; also peripheral enrichment to Au 
mineralization (Dunn, 2007).  
 
 
Figure 15 Ba (raw) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data: there are no anomalous values (+ markers) and outlier values 
(circle markers) start at 2,400 ppm Ba. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 1,000 ppm Ba. The Cumulative Percentage 
Probability Plot also shows a break in the data at 1,000 ppm Ba. 
 
Figure 16 Normal Q-Q Plot for Ba (ppm). 
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Barium has a slightly skewed-left population and approximate breaks in the data at 250, 500, 600, 
700, 800 and 1000 ppm Ba. Outliers begin at 1000 ppm Ba. 
 
 
Figure 17 Ba (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
500 ppm Ba represents the median. The slight peak at 2,400 ppm Ba may represent different 
lithologies or mineralization.  
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Figure 18 Ba (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Bromine: Can occur in many complexes 
Halogens: Commonly associated with emplacement of mineral deposits, contained in structure of 
many minerals and within saline fluid inclusions typical of wide range of mineral deposits, volatility 
makes them good pathfinder elements, especially for deep ore bodies (1000 m). Bromine chemical 
species retained in plant ash may be related to the presence of mineralization and speculated that this 
is due to the geochemical halo of a mineral deposit may create physico-chemical conditions that 
produce differing ratios of Br species in vegetation (Dunn, 2007). 
 
Figure 19 Br (raw) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 60 ppm Br (+ markers) and outlier 
values (circle markers) start at 80 ppm Br. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 40 ppm Br. The Cumulative Percentage 
Probability Plot shows a break and a change in slope in the data at 40 ppm Br. 
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Figure 20 Normal Q-Q Plot for Br (ppm). 
 
Barium has a slightly skewed-left population and approximate breaks in the data at 17, 21, 22  and 38 
ppm Br. Outliers begin at 38 ppm Br. 
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Figure 21 Br (raw) Density Plot. 
 
0 20 40 60 80 100
0.
00
0
0.
00
5
0.
01
0
0.
01
5
0.
02
0
0.
02
5
0.
03
0
0.
03
5
Density Plot
Br ppm
D
en
si
ty
515 
 
 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
20 ppm Ba represents the median. The slight peaks at 60 and 85 ppm Br may represent different 
lithologies or mineralization.  
 
Figure 22 Br (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Calcium-affect health: Secondary Nutrient 
Calcium zoning can indicate changes in lithology (granite to carbonate-rich). Visual evidence in the 
form of thin twigs (granite) to thick twigs with robust growth (carbonate) (Dunn, 2007). 
 
Figure 23 Ca (raw) EDA Plots. 
 
Histogram shows a slightly skewed (right) non-normal distribution; most statistical analyses assume 
the data is normally distributed (bell-curve). It is recommended this data is normalized for further 
statistical analyses. 
 
Tukey Boxplot indicates that low Ca levels (<10% Ca) are anomalous. 
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Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the curve at 28% Ca. The Cumulative Percentage 
Probability Plot shows a number of breaks in the data and change in the slope (15, 25 and 40) which 
may warrant further study. 
 
Figure 24 Normal Q-Q Plot for Ca (ppm). 
 
Calcium has a near normal population and approximate breaks in the data at 100000 (10%), 270000 
(27%), 330000 (33%) and 360000 (36%) ppm Ca. Outliers begin at 360000 (36%) ppm Ca. 
 
-2 -1 0 1 2
10
00
00
15
00
00
20
00
00
25
00
00
30
00
00
35
00
00
40
00
00
Normal Q-Q Plot
Theoretical Quantiles
S
am
pl
e 
Q
ua
nt
ile
s
518 
 
 
 
 
Figure 25 Ca (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
30% Ca represents the median.  
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Figure 26 Ca (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Cerium 
Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations near REE deposits 
(>0.02). More primitive plants = more REE. Lanthanum has similar concentrations for Ce with less 
Eu, Yb and Lu in accordance with crustal REE abundances. REE signatures may be useful in 
mapping phases in mineralized and non-mineralized concealed granites. Neodymium anomalies 
occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum value in this dataset is 65 
ppm Ce. 
 
Figure 27 Ce (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 20 ppm Ce (+ markers) and outlier 
values (circle markers) start at 35 ppm Ce. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 20 ppm Ce. The Cumulative Percentage 
Probability Plot shows a break in the population at 20 ppm Ce. 
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Figure 28 Normal Q-Q Plot for Ce (ppm ilr-EM modelled censored values). 
 
Cerium has a skewed-left population and approximate breaks in the data at 15 and 18 ppm Ce. 
Outliers begin at 18 ppm Ce. 
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Figure 29 Ce (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
10 ppm Ce represents the median. The slight peaks at 25, 38 and 65 ppm Ce may represent different 
lithologies or mineralization.  
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Figure 30 Ce (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Cobalt 
Cobalt follows Ni in geological environs dominated by mafic to ultramafic rocks. In other environs 
Co may be independent. Occasionally, spatial relationship between Co and Au deposits with a zone 
of Co enrichment peripheral to a central zone of larger Au values (Dunn, 2007). 
 
Figure 31 Co (raw) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 11 ppm Co (+ markers) and outlier 
values (circle markers) start at 16 ppm Co. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows steps in the data which indicates an inappropriate assay method for 
this range in concentrations. A break in the population occurs at 11 ppm Co. The Cumulative 
Percentage Probability Plot also shows steps in the slope of the data which indicates an 
inappropriate assay method. A break and change in slope of the data occurs at 11 ppm Co. 
 
Figure 32 Co (raw) Density Plot. 
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Density Plots are used to show groups of values that may reflect differences lithologies. The double 
peak at 4 ppm Co represents the median of a problem in the assay method or represents different 
lithologies or mineralization. The slight peaks at 10, 13 and 15.5 ppm Co may represent different 
lithologies or mineralization. 
 
Figure 33 Normal Q-Q Plot for Co. 
 
Cobalt has a slightly skewed-left population and approximate breaks in the data at 1 and 5 ppm Co. 
Outliers begin at 4 ppm Co. The stepped appearance in the population’s distribution is the result of 
the graph’s scale and is caused by an insufficient detection limit. 
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Figure 34 Co (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Chromium: Essential Trace Element (trivalent state) 
Larger levels of Cr can occur over ultramafic rocks; especially with Cr-Co mineralization or over Au 
mineralization (Dunn, 2007). 
 
Figure 35 Cr (raw ilr-EM modelled censored values) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 30 ppm Cr (+ markers) and outlier 
values (circle markers) start at 60 ppm Cr. 
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Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 30 ppm Cr. The Cumulative Percentage 
Probability Plot shows break and change in the slope of the data at 30 ppm Cr. 
 
Figure 36 Normal Q-Q Plot for Cr (ppm ilr-EM modelled censored values). 
 
Chromium has a skewed-left population and approximate breaks in the data at 17 and 22 ppm Cr. 
Outliers begin at 22 ppm Cr. 
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Figure 37 Cr (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
10 ppm Cr represents the median. The slight peaks at 38, 65 and 75 ppm Cr may represent different 
lithologies or mineralization.  
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Figure 38 Cr (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Caesium 
Caesium has a strong affinity to K and Rb in most geochemical processes but in plants the K 
association is weak. There can be weak correlation with Au. Background Cs values are typically a few 
ppm but can get up to 3600 ppm in jack pine near Ta-Li-Cs deposits (Dunn, 2007). 
 
Figure 39 Cs (raw ilr-EM modelled censored values) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 4 ppm Cs (+ markers) and outlier 
values (circle markers) start at 6 ppm Cs. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope and a break in the population at 3 ppm Cs. The 
Cumulative Percentage Probability Plot shows a break and change in the slope of the data at 3 ppm 
Cs. 
 
Figure 40 Normal Q-Q Plot for Cs (ppm ilr-EM modelled censored values). 
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Caesium has a skewed-left population and approximate breaks in the data at 2.5 and 5 ppm Cs. 
Outliers begin at 5 ppm Cs. 
 
 
Figure 41 Cs (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1.75 ppm Cs represents the median. The slight peaks at 4, 6 and 8 ppm Cs may represent different 
lithologies or mineralization.  
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Figure 42 Cs (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Europium 
Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations near REE deposits 
(>0.02). More primitive plants = more REE. Lanthanum has similar concentrations for Ce with less 
Eu, Yb and Lu in accordance with crustal REE abundances. REE signatures may be useful in 
mapping phases in mineralized and non-mineralized concealed granites. Neodymium anomalies 
occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum value in this dataset is 
1.74 ppm Eu. 
 
Figure 43 Eu (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, outlier values (circle markers) start at 1.0 ppm Eu. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows change in the slope of the data at 0.1 ppm Eu. This is due to a large 
number of samples being below the detection limit of the assay method and the variable nature of 
the below detection limit values for this element. There are also breaks in the population at 0.4 and 
1.0 ppm Eu. The Cumulative Percentage Probability Plot also has a change in the slope of the data 
at 0.1 (at the detection limit) and 0.4 ppm Eu with breaks in the population at 0.5 and 1.0 ppm Eu.  
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Figure 44 Normal Q-Q Plot for Eu (ppm ilr-EM modelled censored values). 
 
Europium has a skewed-left population and approximate breaks in the data at 0.01, 0.2 and 0.5 ppm 
Eu. Outliers begin at 0.5 ppm Eu. 
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Figure 45 Eu (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.2 ppm Eu represents the median. The slight peaks at 0.5, 1.0, 1.4 and 1.5 ppm Eu may represent 
different lithologies or mineralization.  
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Figure 46 Eu (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Iron: Micronutrient 
Generally soil with high pH and carbonate concentrations are more prone to cause Fe deficiency. 
Higher Fe concentrations indicate ultramafic to mafic rocks and can be used to assist map concealed 
bedrock. The 'Iron Factor' includes some or all multi-element associations (PCA) with Al, Fe, Hf, 
Na, REE, Sc, Ti and sometimes Co, Cs, Ni, Pb, Th and U. Locally Au-rich areas that are associated 
with Fe Factor include As, Sb, and Cr. Iron element concentrations are unique to plant species 
(Dunn, 2007).  
 
Figure 47 Fe (raw) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 1.5% Fe (+ markers) and outlier 
values (circle markers) begin at 2.5% Fe. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope and a break in the population at 1.25% Fe which 
warrant further study. The Cumulative Percentage Probability Plot also shows a change in the slope 
and a break in the population at 1.25% Fe. 
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Figure 48 Normal Q-Q Plot for Fe. 
 
Iron has a skewed-left population and approximate breaks in the data at 5000 (0.5%) and 10000 
(1.0%) ppm Fe. Outliers begin at 11000 ppm (1.1%) Fe. 
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Figure 49 Fe (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.5% Fe represents the median. The slight peaks at 1.75%, 2.75, 3.25 and 4.5% Fe may represent 
different lithologies or mineralization.  
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Figure 50 Fe (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Hafnium 
Generally soil with high pH and carbonate concentrations are more prone to cause Fe deficiency. 
Higher Fe concentrations indicate ultramafic to mafic rocks and can be used to assist map concealed 
bedrock. The 'Iron Factor' includes some or all multi-element associations (PCA) with Al, Fe, Hf, 
Na, REE, Sc, Ti and sometimes Co, Cs, Ni, Pb, Th and U. Locally Au-rich areas that are associated 
with Fe Factor include As, Sb, and Cr. Iron element concentrations are unique to plant species 
(Dunn, 2007).  
 
Figure 51 Hf (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 3.25 ppm Hf (+ markers) and outlier 
values (circle markers) begin at 6.3 ppm Hf. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope and a break in the population at 1.8 ppm Hf. The 
Cumulative Percentage Probability Plot also shows a change in the slope and a break in the 
population at 1.8 ppm Hf. 
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Figure 52 Normal Q-Q Plot for Hf (ppm ilr-EM modelled censored values). 
 
Hafnium has a skewed-left population and approximate breaks in the data at 0.5 and 2 ppm Hf. 
Outliers begin at 2 ppm Hf. 
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Figure 53 Hf (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.7 ppm Hf represents the median. The slight peaks at 1.5, 1.75, 2.75, 3.25 and 4.5 ppm Hf may 
represent different lithologies.  
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Figure 54 Hf (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values 
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Potassium: Primary Macronutrient 
Trends in K enrichment sometimes are attributed to bedrock alteration; particularly where K-
feldspar has been degraded due to weathering or K metasomatism (which can indicate metalliferous 
porphyry environments). Up to 2.86% K correspond with highest Mo concentrations but K is 
supplementary in support of Mo interpretation (Dunn, 2007). The largest K value in this dataset is 
8.22% K. 
 
Figure 55 K (raw) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data; there are no anomalous values (+ markers) or outlier values 
(circle markers). 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 6% K. The Cumulative Percentage 
Probability Plot shows a break in the data at 6% K and a change in the slope at 3% K. 
 
Figure 56 Normal Q-Q Plot for K. 
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Potassium has a near normal population and approximate breaks in the data at 20000 (2%), 25000 
(2.5%), 35000 (3.5%), 45000 (4.5%), 55000 (5.5%) and 65000 (6.5%) ppm K. Outliers begin at 
65000 (6.5%) ppm K. 
 
 
Figure 57 K (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
3% ppm K represents the median. The slight peak at 7% K may represent different lithologies or 
mineralization.  
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Figure 58 K (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Lanthanum 
Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations near REE deposits 
(>0.02). More primitive plants = more REE. Lanthanum has similar concentrations for Ce with less 
Eu, Yb and Lu in accordance with crustal REE abundances. REE signatures may be useful in 
mapping phases in mineralized and non-mineralized concealed granites. Neodymium anomalies 
occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum value in this dataset is 33 
ppm La. 
 
Figure 59 La (raw) EDA plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 10 ppm La (+ markers) and outlier 
values (circle markers) start at 20 ppm La. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 10 ppm La. The Cumulative Percentage 
Probability Plot shows a change in the slope of the data at 5 ppm La and at 10 ppm La. 
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Figure 60 Normal Q-Q Plot for La. 
 
Lanthanum has a skewed left population and approximate breaks in the data at 2.5, 3, 6 and 10 ppm 
La. Outliers begin at 10 ppm La. 
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Figure 61 La (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
5 ppm La represents the median. The slight peaks at 12, 20 and 33 ppm La may represent different 
lithologies or mineralization.  
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Figure 62 La (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Lutetium 
Generally soil with high pH and carbonate concentrations are more prone to cause Fe deficiency. 
Higher Fe concentrations indicate ultramafic to mafic rocks and can be used to assist map concealed 
bedrock. The 'Iron Factor' includes some or all multi-element associations (PCA) with Al, Fe, Hf, 
Na, REE, Sc, Ti and sometimes Co, Cs, Ni, Pb, Th and U. Locally Au-rich areas that are associated 
with Fe Factor include As, Sb, and Cr. Iron element concentrations are unique to plant species 
(Dunn, 2007).  
 
Figure 63 Lu (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 0.2 ppm Lu (+ markers) and outlier 
values (circle markers) begin at 0.4 ppm Lu. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope and a break in the population at 0.2 ppm Lu. The 
Cumulative Percentage Probability Plot also shows a change in the slope and a break in the 
population at 0.2 ppm Lu. 
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Figure 64 Normal Q-Q Plot for Lu. 
 
Lutetium has a skewed left population and approximate breaks in the data at 0.05, 0.12, 0.18 and 0.4 
ppm Lu. Outliers begin at 0.4 ppm Lu. 
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Figure 65 Lu (raw ilr-EM modelled censored values) Density Plot. 
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Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.07 ppm Lu represents the median. The slight peaks at 0.2, 0.4, 0.5 and 0.6 ppm Lu may represent 
different lithologies.  
 
Figure 66 Lu (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
 
  
370000 380000 390000 400000
58
90
00
0
59
00
00
0
59
10
00
0
59
20
00
0
EDA Percentile Based Map for Lu ppm (clr)
Easting (m)
N
or
th
in
g 
(m
)
Lu ppm (clr)
> -4.33
-4.48 - -4.33
-5.05 - -4.48
-5.27 - -5.05
-5.5 - -5.27
-5.83 - -5.5
-5.96 - -5.83
< -5.96
566 
 
 
 
Molybdenum: Micronutrient 
Molybdenum in vegetation is a significant pathfinder for Cu-Mo, Cu-Au-Mo, W-Mo and other Mo 
bearing deposits, Cu-Mo porphyries and is better defined by Mo in vegetation than Cu. The 
concentration of Mo may relate to depth of overburden in various tissues in plants (roots compared 
to leaves). Large Mo halos from mining dust around Mo mine operations (e.g. Endako- background 
5-10 ppm, median 78 ppm and 95 percentile 717 ppm), but can also indicate Mo mineralization 
extents in unmined deposits. Molybdenum dust from mining activities can produce false halos in Mo 
concentrations. Correlation with K helps target Mo mineralization (Dunn, 2007). 
 
Figure 67 Mo (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows an extremely skewed (left) non-normal distribution; most statistical analyses 
assume the data is normally distributed (bell-curve). It is recommended this data is normalized for 
further statistical analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 8 ppm Mo (+ markers). There are no 
outlier values. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 4 ppm Mo. The Cumulative Percentage 
Probability Plot also shows a break in the population at 4 ppm Mo. 
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Figure 68 Normal Q-Q Plot for Mo (ppm ilr-EM modelled censored values). 
 
Molybdenum has a slightly skewed-left population and approximate breaks in the data at 2 and 8 
ppm Mo. Outliers begin at 8 ppm Mo. The stepped appearance in the population’s distribution is 
the result of the graph’s scale and is caused by an insufficient detection limit. 
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Figure 69 Mo (raw ilr-EM modelled censored values) Density Plot. 
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Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
3 ppm represents the median. The slight peaks at 8 and 11 ppm Mo may represent different 
lithologies.  
 
Figure 70 Mo (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Sodium: Trace Beneficial Element 
Occasionally sodium can assist in lithogeochemical mapping Na-rich volcanic rocks, albitization and 
zones of Na metasomatism to provide focus for areas of mineralization. Caution should be used for 
areas along the coast and in northern climates along roadsides due to salted roads in the winter 
(Dunn, 2007). 
 
Figure 71 Na (raw) EDA Plots 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 7,500 ppm Na (+ markers) and 
outlier values (circle markers) start at 10,000 ppm Na. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 10,000 ppm Na. The Cumulative 
Percentage Probability Plot shows a change in the slope of the data at 5,000 ppm Na with a break in 
the population at 10,000 ppm Na which warrant further study. 
 
Figure 72 Normal Q-Q Plot for Na. 
 
-2 -1 0 1 2
0
50
00
10
00
0
15
00
0
20
00
0
Normal Q-Q Plot
Theoretical Quantiles
S
am
pl
e 
Q
ua
nt
ile
s
573 
 
 
 
Sodium has a skewed left population and approximate breaks in the data at 4000, 5100 and 10000 
ppm Na. Outliers begin at 10000 ppm Na. 
 
 
Figure 73 Na (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
4,000 ppm Na represents the median. The slight peaks at 6,000, 10,000, 14,000, 18,000 and 23,000 
ppm Na may represent different lithologies or mineralization.  
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Figure 74 Na (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Rubidium: Essential Micronutrient 
Rubidium is the 16th most abundant element on Earth. When there is no positive correlation with K 
or Cs, and when Rb is concentrated with Sr this may indicate proximity to kimberlites. Rubidium 
forms chemical compounds that can be very soluble; especially in carbonates. Rubidium is 
commonly enriched in phlogopite contained within kimberlite where it is likely to occur at 
interlattice sites substituting for K and held between lattice layers by weak van der Waals force. 
Carbonatization occurs with many kimberlites and during weathering weak carbonic acids may strip 
Rb from phlogopite and transport in solution until absorbed by plants in the acidic environment 
around roots (Dunn, 2007). 
 
Figure 75 Rb (raw ilr-EM modelled censored values) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 150 ppm Rb (+ markers) and outlier 
values (circle markers) start at 300 ppm Rb. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 100 ppm Rb. The Cumulative Percentage 
Probability Plot shows a change in the curve of the data at 100 ppm Rb and a break in the data at 
100 ppm Rb. 
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Figure 76 Normal Q-Q Plot for Rb (ppm ilr-EM modelled censored values). 
 
Rubidium has a skewed left population and approximate breaks in the data at 60, 70 and 150 ppm 
Rb. Outliers begin at 150 ppm Rb 
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Figure 77 Rb (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
65 ppm Rb represents the median. The slight peaks at 190 and 300 ppm Rb may represent different 
lithologies or mineralization.  
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Figure 78 Rb (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Antimony: Non-Essential but readily taken up 
Zones occur over or near Au-As-Sb mineralization. There is commonly a clear but subtle 
relationship of Sb in plant tissues to the zone of mineralization (Dunn, 2007). 
 
Figure 79 Sb (raw) EDA Plots. 
 
Histogram shows am extremely skewed (left) non-normal distribution; most statistical analyses 
assume the data is normally distributed (bell-curve). It is recommended this data is normalized for 
further statistical analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 2.75 ppm Sb (+ markers) and outlier 
values (circle markers) start at 4.1 ppm Sb. 
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Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows breaks in the population at 1.5 and 2 ppm Sb. The Cumulative 
Percentage Probability Plot shows large breaks in the data at 1.5 and 2 ppm Sb. 
 
Figure 80 Normal Q-Q Plot for Sb. 
 
Antimony has a skewed left population and approximate breaks in the data at 0.5, 1.5 and 2.5 ppm 
Sb. Outliers begin at 2.5 ppm Sb. 
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Figure 81 Sb (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1 ppm Sb represents the median. The slight peaks at 1.8, 2.6 and 4.25 ppm Sb may represent 
different lithologies or mineralization.  
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Figure 82 Sb (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Scandium 
Anomalous Sc levels should be checked with Fe and Al data to see if there is a corresponding 
increase as Sc is closely associated with Fe or Al in plant tissues. To date there is no obvious 
assistance in mineral exploration (Dunn, 2007). 
 
Figure 83 Sc (raw) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 5 ppm Sc (+ markers), whereas 
outlier values begin at 10 ppm Sm (circle markers). 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope of the data and a break in the population at 4 
ppm Sc. The Cumulative Percentage Probability Plot shows a change in the slope of the data and a 
break in the population at 4 ppm Sc. 
 
Figure 84 Normal Q-Q Plot for Sc. 
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Scandium has a skewed left population and approximate breaks in the data at 1, 2.5, 4.5 and 9.5 ppm 
Sc. Outliers begin at 4.5 ppm Sc. 
 
 
Figure 85 Sc (raw) Density Plot. 
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Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
2 ppm Sc represents the median. The slight peaks at 5, 10 and 14 ppm Sc may represent different 
lithologies or mineralization.  
 
Figure 86 Sc (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Samarium 
Values of 0.56 ppm Sm are known to occur adjacent to kimberlite, whereas 0.8 ppm Sm occurs near 
REE-bearing allanite. Rare Earth Elements: Strong correlation with Fe (PCA), larger concentrations 
near REE deposits (>0.02). More primitive plants = more REE. Lanthanum has similar 
concentrations for Ce with less Eu, Yb and Lu in accordance with crustal REE abundances. REE 
signatures may be useful in mapping phases in mineralized and non-mineralized concealed granites. 
Neodymium anomalies occasionally occurs peripheral to Au deposits (Dunn, 2007). The maximum 
value in this dataset is 5.9 ppm Sm. 
 
Figure 87 Sm (raw) EDA Plots. 
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Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 1.75 ppm Sm (+ markers) and outlier 
values (circle markers) start at 4 ppm Sm. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a break in the population at 2 ppm Sm. The Cumulative Percentage 
Probability Plot shows changes in the slope of the data at 1.75 and 4 ppm Sm. Breaks in the 
population occur at 1.75 and 2 ppm Sm. 
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Figure 88 Normal Q-Q Plot for Sm. 
 
Samarium has a skewed left population and approximate breaks in the data at 1.75 and 4 ppm Sm. 
Outliers begin at 4 ppm Sm. 
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Figure 89 Sm (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1.5 ppm Sm represents the median. The peaks at 2, 4, 5 and 6 ppm Sm may represent different 
lithologies or mineralization.  
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Figure 90 Sm (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Strontium: Essential Element (some plants) 
Positive correlations of Sr and Ca sometimes occur in association with mineralization. Plants 
growing on carbonates frequently show positive correlations among Ca, Sr and Ba with common 
values ranging from 20-30-100 ppm (Dunn, 2007). 
 
Figure 91 Sr (raw ilr-EM modelled censored values) EDA Plots. 
 
Histogram shows a near-normal distribution; most statistical analyses assume the data is normally 
distributed (bell-curve). 
 
Tukey Boxplot shows breaks in data, anomalous values start at 250 and 2,000 ppm Sr (+ markers). 
There are no outlier values (circle markers). 
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Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows steps in the curve of the data. The steps in the may relate to an 
inappropriate analysis method for the range in values of the population. The Cumulative Percentage 
Probability Plot and the Cumulative Percentage Probability Plot shows steps in the populations 
before 600 ppm Sr and after 1,000 ppm Sr which possibly relates to an inappropriate assay method 
as mentioned earlier. 
 
Figure 92 Normal Q-Q Plot for Sr (ppm ilr-EM modelled censored values). 
 
-2 -1 0 1 2
50
0
10
00
15
00
20
00
Normal Q-Q Plot
Theoretical Quantiles
S
am
pl
e 
Q
ua
nt
ile
s
595 
 
 
 
Strontium has a near normal population and approximate breaks in the data at 750 and 1600 ppm 
Sr. Outliers begin at 1600 ppm Sr. 
 
 
Figure 93 Sr (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1,100 ppm Sr represents the median. The slight peak at 1,700 ppm Sr may represent different 
lithologies or mineralization.  
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Figure 94 Sr (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Thorium 
Thorium has a geochemical affinity with U but distinctly different biogeochemical distribution 
patterns. Modest increases in Th are noted over and around mineral deposits: PGE deposit = 0.5 
ppm, Old Nick Ni = 0.55 ppm, Jasper Au Mine = 3.6 ppm, North Mara Au = 0.14 ppm (Dunn, 
2007). 
 
Figure 95 Th (raw ilr-EM modelled censored values) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
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Tukey Boxplot shows breaks in data, anomalous values start at 1.75 ppm Th (+ markers) and outlier 
values (circle markers) start at 2.75 ppm Th. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope of the data and a break in the population at 1.5 
ppm Th. The Cumulative Percentage Probability Plot shows a change in the slope of the data and a 
break I the population at 1.5 ppm Th. 
 
Figure 96 Normal Q-Q Plot for Th (ppm ilr-EM modelled censored values). 
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Thorium has a skewed left population and approximate breaks in the data at 0.2 and 1.5 ppm Th. 
Outliers begin at 1.5 ppm Th. 
 
 
Figure 97 Th (raw ilr-EM modelled censored values) Density Plot. 
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Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.5 ppm Th represents the median. The slight peaks at 1.75, 2.25, 3 and 4.25 ppm Th may represent 
different lithology or mineralization.  
 
Figure 98 Th (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Ytterbium 
Ytterbium concentrations tend to be 0.01 ppm near REE deposits and 0.08 ppm adjacent to 
kimberlites (Dunn, 2007). The largest ytterbium value is 3.57 ppm Yb. 
 
Figure 99 Yb (raw ilr-EM modelled censored values) EDA Plots. 
 
Histogram shows a skewed (left) non-normal distribution; most statistical analyses assume the data is 
normally distributed (bell-curve). It is recommended this data is normalized for further statistical 
analyses. 
 
Tukey Boxplot shows breaks in data, anomalous values start at 1.25 ppm Yb (+ markers) and outlier 
values (circle markers) start at 2.5 ppm Yb. 
0 1 2 3 4
0
5
10
15
20
25
30
35
Histogram
Yb ppm
 
N = 51
0 1 2 3 4
Tukey Boxplot
Yb ppm
N = 51
0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
1.0
Empirical Cumulative Distribution
Function (ECDF)
Yb ppm
 
N = 51
0 1 2 3 4
% Cumulative Percentage
(Normal) Probability (CPP) Plot
Yb ppm
 
1
5
25
50
75
95
99
N = 51
602 
 
 
 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a change in the slope of the data and a break in the population at 1 
ppm Yb. The Cumulative Percentage Probability Plot also shows a change in the slope of the data 
and a break in the population at 1 ppm Yb. 
 
Figure 100 Normal Q-Q Plot for Yb. 
 
Ytterbium has a skewed left population and approximate breaks in the data at 0.2 and 1.3 ppm Yb. 
Outliers begin at 1.3 ppm Yb. 
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Figure 101 Yb (raw ilr-EM modelled censored values) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
0.4 ppm Yb represents the median. The slight peaks at 1.25, 2.25, 3 and 3.5 ppm Yb may represent 
different lithologies or mineralization.  
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Figure 102 Yb (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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Zinc: Micronutrient 
Some variability may be due to health of the tree rather than subtle changes in substrate. Substantial 
changes could relate to Zn mineralization. Cadmium is often associated with Zn in soil but not in 
living tissue therefore Cd could be better pathfinder than Zn for zinc mineralization. Common 
background levels in pine bark are 30-50 ppm with 100 ppm being unusually high (Dunn, 2007). 
The largest Zn value in this dataset is 4,300 ppm Zn. 
 
Figure 103 Zn (raw) EDA Plots. 
 
Histogram shows a near-normal distribution; most statistical analyses assume the data is normally 
distributed (bell-curve).  
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Tukey Boxplot shows breaks in data. There are no anomalous (+ markers) or outlier (circle markers) 
values. 
 
Cumulative Distribution and Percentage Plots show breaks in the population which may represent 
background versus anomalous values as well as changes in population. The Empirical Cumulative 
Distribution Function shows a near-normal distribution with breaks in the population at 2,700 and 
3,200 ppm Zn. The Cumulative Percentage Probability Plot shows a near-normal distribution with 
breaks in the population at 1,000 and 3,200 ppm Zn.  
 
Figure 104 Normal Q-Q Plot for Zn. 
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Zn has a near normal population and approximate breaks in the data at 1100, 2100, 2800, 3200 and 
4000 ppm Zn. Outliers begin at 4000 ppm Zn. 
 
Figure 105 Zn (raw) Density Plot. 
 
Density Plots are used to show groups of values that may reflect differences lithologies. The peak at 
1,800 ppm Zn represents the median of a near-normal distribution of data. The second peak at 
3,500 ppm Zn may represent a change in lithology or mineralization. 
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Figure 106 Zn (clr) Bubble Plot using Percentile Intervals. 
 
A Percentile map showing the recommended bubble plot intervals of normalized values. 
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